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SOURCES  OF  DIRECT  CURRENT  FOR  ELECTRO- 
CHEMICAL PROCESSES 


BY    F.-D.   tJEWBURY 


jkL 


Abstract  oh*  P.aP£r 

• 

The  problem  involved  in  producing  direct  current  for  electro- 
chemical processes  is  outlined,  and  the  difficulties  are  pointedout. 

Of  the  methods  of  power  supply  using  stea»r  turbines  that  are 
available,  it  is  shown  that: 

(a)  EMrect-connected  d-c.  turbo-generators  ^re  kvailable  only 
in  relatively  small  units,  and  cannot  be  designed  as  conserva- 
tivelv  from  the  commutation  standpoint  as  is  desirable. 

(d;  Unipolar  generators  driven  by  turbines  have  proved  un- 
satisfactory on  account  of  current  collection  difficulties.'      "    ' 

(c)  The  standard  medium-speed  d-c.  generator  connected  to 
a  high-speed  turbine  through  gearing  affords  a  satisfactory  unit. 

(d)  The  combined  a-c.  turbo-generator  and  converter  unit 
probably  affords  the  best  all-around  method.  It  is  economical, 
reliable  and  flexible.  Its  particular  fields  of  application  are  where 
large  units  and  long  transmissions  are  required. 

In  waterpower  plants,  direct-connected  d-c.  generators  and 
a-c.  generators  with  converters  arc  available.  The  combined  a-c- 
d-c.  equipment  is  usually  the  most  reliable  and  economical. 

With  reciprocating  engine  units,  there  is  no  reason  for  con- 
sidering other  methods  than  the  direct-connected  slow-speed 
generator. 


THE  ELECTRICAL  power  problem  involved  in  all  com- 
mercially important  electrochemical  processes  is  the  produc- 
tion of  very  large  amounts  of  direct -current  energy  at  compara- 
tively low  voltages.  Single  circuits  often  require  as  much  as  10,000 
amperes,  and  in  electrolytic  processes  the  voltage  is  rarely 
more  than  250  volts.  The  present  paper  will  briefly  outline  the 
problem,  list  the  various  methods  of  obtaining  the  required 
electrical  energy  and  compare  these  methods  from  the  stand- 
points of  efficiency,  first  cost  and  reliability  in  operation. 

The  electrical  problem  is  intimately  connected  with  the 
available  prime  movers  and  their  advantageous  operating 
speeds.  In  modem  installations,  steam  turbines  and  water- 
wheels  with  their  relatively  high  speeds  are  of  major  importance. 
Reciprocating  steam  engines  are  of  importance  mainly  in  com- 
bination \\4th  low-pressure  turbines.  Up  to  the  present  time, 
gas  and  oil  engines  have  had  little  or  no  application  in  modem 
electrochemical  plants,  but  the  present  rapid  development  of 
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the  Diesel  engine  abroad  may  make  its  influence  felt  in  the 
near  future. 

The  design  of  direct-current  machinery,  either  generators  or 
synchronous  converters,  of  sufficient  current  capacity  for  electro- 
chemical work,  is  a  problem  of  considerable  inherent  difficulty 
because  of  the  large  currents  involved,  the  high  speeds  of  the 
preferred  prime  movers,  and  th^ '.continuous  full -load  service 
required.  In  some  cases,  as  in  a&c?  turbo-generators,  the  low 
voltage  involved  may  becokie^a  serious  limitation  in  design 
aside  from  its  associatioji"^h  the  large  amperage. 

The  large  currenta^nd%mgh  speeds  are  closely  associated  and 
may  be  discussed.-tggciher  as  the  commutation  problem. 


•  •  •  • 


'•The  Commutation  Problem. 

In  d^rfiof-c^rrent  generators  and  synchronous  converters  the 
speed^ani-tfie  permissible  number  of  poles  bear  a  certain  relation- 
sKjp,  flie  product  of  which,  in  terms  of  revolutions  per  second  and 
•/'.paks  of  poles,  is  the  frequency.  In  synchronous  converters  this 
'••.  te,  of  course,  a  rigid  relationship,  due  to  their  synchronous 
operation.  In  direct-current  generators,  the  frequency  is  com- 
monly lost  sight  of,  but  at  the  higher  outjmts  and  higher  speeds 
under  consideration  it  is  practically  as  important  a  limitation 
as  in  synchronous  converters.  The  current  output  in  com- 
mutating  machines  is  proportional  to  the  number  of  parallel 
circuits  in  the  armature,  which  in  turn  is  equal  to  the  number  of 
poles.  The  tendency,  therefore,  is  to  increase  the  number  of 
poles  indefinitely  as  the  required  current  output  is  increased. 
But  this  indefinite  increase  is  limited,  to  mention  only  the  most 
important  factors,  by  the  number  of  current-collecting  brush 
arms  that  can  be  placed  around  the  commutator  and  the  num- 
ber of  commutator  bars  that  can  be  placed  between  brushes 
without  exceeding  safe  commutator  peripheral  speeds.  If  con- 
servative design  limits  arc  not  to  be  exceeded,  it  is  necessary  to 
keep  the  frequency  wdthin  60  cycles  and  desirable  to  keep  it 
within  50  cycles. 

With  the  maximum  number  of  parallel  circuits  and  poles  that 
can  be  used,  the  total  current  output  is  then  limited  by  the 
permissible  length  of  commutator.  At  the  higher  commutator 
speeds  required  by  the  frequencies  usual  with  the  d-c.  generators 
under  consideration,  800  amperes  per  brush  ann  is  as  high  as 
should  be  considered  under  the  continuous  service  required  by 
dectrochemical  processes.    Lower  values  are  commonly  used  in 
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60-cycle  synchronous  converters  and  higher  values  are  per- 
missible in  25-cycle  converters,  the  peripheral  speeds  being 
respectively  higher  and  lower.  Uniformly  higher  values  can  be 
safely  used  for  the  intermittent  service  commonly  experienced 
in  industrial  plants  and  central  stations.  Higher  values  can 
also  be  used  in  very  low  voltage  machines  using  metal  instead 
of  carbon  brushes. 

With  these  none  too  conservative  limits  of  50  cycles  and  800 
amperes  per  brush  arm,  the  following  maximum  current  out- 
puts result,  for  250- volt  direct-current  generators,  for  the  range 
of  speeds  commonly  used: 


Prime  mover 

and    genera- 

Poles 

Frequency 

Amperes 

Kw.  at  250 

tor  speed 

volts 

l.SOO-1.500 

4 

QO-rA) 

1.600 

400 

500 

12 

50 

4.800 

1.200 

400 

16 

53 

6.400 

1,600 

300 

20 

50 

8.000 

2.000 

250 

24 

50 

9.600 

2.400 

200 

30 

50 

12.000 

3.000 

175 

34 

50 

13.600 

3.400 

150 

40 

50 

16.000 

4.000 

Larger  outputs  than  those  listed  have  in  some  instances  been 
built  at  certain  speeds  but  only  at  the  expense  of  reliability 
in  operation.  This  is  particularly  true  of  direct-connected 
direct-current   turbo-generators. 

Double-commutator  generators  if  used  would  double  the 
above  ampere  and  kilowatt  limits,  but  difficulties  inherent  in 
I)arallel  operation  of  the  circuits  from  two  commutators  con- 
nected to  the  same  winding  have,  after  several  unfortunate 
attempts,  caused  this  construction  to  be  abandoned  for  large 
machines  where  conservative  practise  has  been  followed. 

It  is  evident  from  the  above  discussion  that  the  major  diffi- 
culties in  building  generators  and  synchronous  converters  for 
large  currents  center  in  the  mechanical  design  of  the  com- 
mutator. The  peripheral  speed  is  pushed  to  the  highest  limit 
to  obtain  room  for  as  many  poles  as  possible;  the  length  of 
commutator  face  is  made  as  long  as  possible  to  increase  the 
permissible  current  per  circuit  to  the  limit. 

Three  constructions  have  been  develoj^ed  and  are  in  more  or 
less  general  use  to  meet  these  severe  conditions. 

(a)  A  modification  of  the  ordinary  V-ring  construction 
involving  an  additional  auxiliary  V-ring  at  the  outer  end  of  the 
commutator. 
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(b)  A  modification  of  the  ordinary  V-ring  construction 
involving  a  shrink  midway  between  the  two  ends  of  the  com- 
mutator bars. 

(c)  A  simple  shrink  ring  construction  involving  more 
shrink   rings,   depending   on  the  length  of  the    commutator. 

The  so-called  three  V-ring  type  retains  all  the  advantages 
from  the  repair  standpoint  of  the  simpler  two  V-ring  type.  The 
combined  V-ring  shrink  ring  type  has  the  disadvantages 
from  a  repair  standpoint  inherent  in  the  simple  shrink  type. 
These  two  types  are  comparable  in  their  range  of  application. 
Such  commutators  have  been  built  with  20  to  25-in.  (50.8  to 
63.5-cm.)  face  and  5500  ft.  (1676  m.)  per  minute  peripheral 
speed.  The  simple  shrink  ring  type  obviously  does  not  permit 
of  easy  repair  and  is  limited  to  comi)aratively  small  commutator 
diameters.  It  is,  however,  the  strongest  construction  available 
for  smaller  diameter  commutators  and  is  necessarily  used  for 
direct-connected  turbo  units. 

Improvements  in  commutator  design  and  construction  during 
the  past  four  or  five  years  have  been  largely  instrumental  in 
improving  the  operation  and  extending  the  permissible  output 
of  the  generators  and  synchronous  converters  under  consideration. 

A  word  in  regard  to  the  operation  of  machines  having  long 
high-speed  commutators  is  not  out  of  place.  Such  commutators 
built  up  in  part,  as  they  are,  of  more  or  less  compressible  in- 
sulating material,  require  a  period  of  '*  seasoning  **  and  adjust- 
ment before  they  will  operate  without  further  change  in  shape. 
A  certain  amount  of  such  seasoning  occiu*s  during  the  manu- 
facttu*e  and  test  of  the  machine  (where  testing  is  possible), 
but  it  is  very  seldom  that  additional  grinding  and  tightening 
is  not  necessary  after  installation. 

The  Distribution  Problem 

Energy  in  the  form  of  heavy  currents  at  comparatively  low 
voltages  as  used  in  electrochemical  work  is  not  efficiently  port- 
able. It  must  be  used  substantially  where  it  is  generated. 
Very  heavy  busbar  structures,  expensive  both  in  first  cost  and 
in  energy  loss,  are  necessary  to  carry  the  large  current  in- 
volved, from  the  generator  to  the  point  at  which  it  is  used,  and 
for  distances  more  than  a  few  hundred  feet  the  cost  becomes 
prohibitive.  For  transmission  distances  of  1000  ft.  (304.8  m.) 
or  more,  it  is  usually  necessary  to  consider  transmission  at  a 
higher  voltage.     This  introduces  the  alternating-current  gen- 
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erator  and  synchronous  converter  combination  of  power^supply. 
The  relative  location  of  power  station  and  the  pots  or  tanks 
where  the  current  is  used  has,  therefore,  an  important  bearing 
on  the  choice  of  a  |X)wer  system.  This  will  be  referred  to  again 
in  detail  in  discussing  water  power  installations. 

Voltage  Variation 

Electrochemical  plants  usually  require  some  means  of  ad- 
justment of  the  voltage  in  order  to  maintain  constant  current 
under  the  varying  circuit  conditions  incident  to  operation. 
With  direct-current  generators  this  is  readily  obtained  by 
simple  field  current  control,  a  single  generator  usually  suppljring 
a  single  series  of  tanks.  With  synchronous  converters,  if  the 
required  range  is  not  more  than  5  per  cent,  it  can  also  be 
obtained  by  adjustment  of  the  field  current,  assuming  sufficient 
reactance  to  exist  in  the  alternating-current  circuit.  If  a  greater 
range  of  voltage  variation  is  required,  several  methods  are 
available,  the  one  commonly  preferred  at  the  present  time 
involving  the  addition  of  a  small  alternating-current  generator 
to  the  synchronous  converter  unit,  this  generator  acting  as  a 
synchronous  booster.  In  both  generators  and  converters, 
the  performance  under  the  wide  range  of  voltage  sometimes 
required  has  been  greatly  improved,  in  recent  designs,  by 
properly  proportioned  commutating  poles. 

Continuity  of  Service 

A  featiu*e  of  electrochemical  load  that  has  an  important 
bearing  on  the  satisfactory  performance  of  the  equipment  is  the 
requirement  for  steady  full-load  operation  for  long  periods 
without  shutdown.  Many  commutating  machines  that  will 
operate  with  entire  satisfaction  on  a  fluctuating  railway  or 
lighting  load  will  fail  utterly  on  a  continuous  load  of  no  greater 
value  than  the  average  load  in  the  former  case.  The  fluctuating 
load  affords  periods  of  light  load  during  which  the  commutator 
and  brushes  can  clean  and  polish  themselves  and  the  daily  shut- 
downs permit  the  correction  of  incipient  troubles.  It  is  for  this 
reason  more  than  any  other  that  serious  trouble  has  been 
experienced  in  so  many  instances  with  commutating  machines 
in  electrochemical  plants.  For  this  reason  alone,  commutating 
machines  intended  for  operation  in  such  plants  should  be  of 
the  most  substantial  and  of  the  simplest  type  and  should  be 
designed,  particularly  from  the  standpoint  of  commutation, 
well  within  conservative  limits. 
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The  general  problem  having  been  stated,  the  various  methods 
of  meeting  the  required  conditions  will  be  considered. 

Steam  Turbine-Driven  Units 

• 

Four  arrangements  involving  steam  turbine  prime  movers 
have  been  more  or  less  successfully  operated: 

(a)  Direct-connected  commutator-type  direct-current  gen- 
erators. 

(b)  Direct-connected,  unipolar-type  direct-current  gener- 
ators. 

(c)  Gear-connected  commutator-type  direct-current  gen- 
erators. 

(d)  Direct-connected  alternating-current  generator  with 
synchronous  converter. 

(a)  Direct-connected,  direct-current  turbo-generators  are 
limited  to  relatively  small  current  ratings,  due  to  the  very  high 
speed  necessary  if  reasonable  turbine  economy  is  to  be  obtained, 
and  for  such  sizes  as  can  be  built,  suitable  for  electrochemical 
work,  conservative  design  limits  must  be  exceeded.  For  this 
reason  it  is  almost  impossible  to  build  direct-connected  units 
that  will  be  generally  satisfactory  under  the  severe  operating 
conditions  inherent  in  electrochemical  works.  The  efficiency  of 
the  direct-current  turbo-generator  is  low  due  to  the  high  speed 
and  frequency;  that  of  the  turbine  is  low,  due  to  the  speed  which, 
while  high  from  the  standpoint  of  the  generator,  is  low  from  the 
standpoint  of  best  turbine  performance.  The  trend  of  develop- 
ment, both  in  this  country  and  in  Europe,  where  the  most  work 
with  direct-connected  direct-current  units  has  been  done,  is 
away  from  direct-connected  units. 

(6)  Since  the  difficulties  in  the  design  of  direct-current 
generators  for  electrochemical  work  have  been  mainly*  associated 
with  the  commutator,  a  generator  from  which  commutation  has 
been  eliminated  wotdd  seem  to  offer  a  way  out  of  all  troubles. 
In  the  unipolar  type,  commutation  is  eliminated  by  the  employ- 
ment of  unipolar  flux,  that  is,  flux  of  one  polarity  external  to  the 
armature.  It  is  only  necessary  to  collect  the  generated  direct 
current  from  the  two  ends  of  the  armature  by  means  of  col- 
lector rings  and  brushes  as  commonly  employed  in  alternating- 
current  generators  and  synchronous  converters.  But  it  has 
required  only  two  or  three  attempts  with  large  units  to  show 
that,  with  the  increase  in  current  and  speed  desired,  the  simple 
process  of  current  collection  becomes  a  more  difficult  problem 
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than  commutation  at  the  lower  speeds  available  with  alternative 
methods.  The  only  unipolar  generator  large  enough  to  be  con- 
sidered for  electrochemical  power  supply  now  in  commercial 
operation  is  the  2000-kilowatt,  260-volt,  8000-ampere,  1200- 
rev.  per  min.  unit  described  in  a  paper  before  this  Institute.* 
This  paper  also  gives  in  detail  the  difficulties  encotmtered  and 
overcome  before  this  tmit  could  be  operated  with  reasonable 
maintenance  cost.  Due  to  the  low  core  loss  and  windage  loss  of 
this  type,  the  efficiency  is  relatively  high.  The  first  cost  and 
maintenance  cost,  however,  are  also  high. 

(c)  With  the  development,  during  the  past  three  years,  of  a 
satisfactory  gear  for  the  transmission  of  large  powers,  the  direct 
production  of  large  currents  with  steam  turbine  prime  movers 
has  been  placed  on  a  much  more  satisfactory  footing.  This 
gearing  is  usually  of  the  double  helical  type  with  the  pinion 
mounted  in  a  floating  frame  so  as  to  equalize  the  tooth  pressures, 
in  spite  of  the  long  face  necessary.  Obviously,  with  an  efficient 
and  satisfactory  gear  available,  the  speeds  of  the  tiu*bine  and 
the  generator  can  be  selected  within  fairly  wide  limits  to  suit 
the  conflicting  requirements  of  the  prime  mover  and  generator. 
As  a  matter  of  fact,  generators  which  have  been  supplied  for  con- 
nection to  turbines  through  gearing  have  been  of  the  same  speed 
and  design  as  generators  of  the  same  rating  driven  by  induction  or 
synchronous  motors  in  motor-generator  sets.  For  example,  such 
ratings  for  250  volts  would  be  1000  kilowatts  at  500  rev.  per 
min.,  1500  kilowatts  at  360  rev.  per  min.;  2000  kilowatts  at 
300  rev.  per  min.,  and  3000  kilowatts  at  180  rev.  per  min., 
which  are  all  within  the  limiting  ratings  and  speeds  previously 
given.  These  units  may,  therefore,  be  designed  as  conserva- 
tively as  similar  generators  used  in  motor-generator  sets  with 
relatively  high  efficiency  and  low  cost.  Such  units  have  been 
in  .service  for  several  years  and  have  amply  proved  their  depend- 
ability. Two  large  units  of  3750  kilowatts,  the  turbine  operating 
at  1800  rev.  per  min.,  and  the  generator  at  180  rev.  per  min., 
have  been  supplied  for  lighting  service. 

(d)  Another  satisfactory  means  for  obtaining  the  required 
direct  current  is  afforded  by  turbine-driven  alternating-current 
generators  to  which  synchronous  converters  are  electrically  con- 
nected. The  alternating-current  generators  may  be  of  the 
usual  synchronous  type  or  of  the  induction  type.  This  method 
has  been  used  in  a  number  of  cojjper  relining  i)lants,  and  was 

•  Development  of  a  Successful  Direct- Current  2000- i^w.  Unipolar  Gen- 
waior,  B.  G.  Lamme,  Transactions  A,  I.  E,  E.,  Vol.  XXXI.  p,  IftU. 
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used  in  industrial  plants  generally  prior  to  the  development  of 
the  geared  unit.  While  it  is  lower  in  cost  than  either  the  direct- 
connected  or  unipolar  types  of  generators  and  higher  in  efficiency 
than  the  former,  it  is  somewhat  inferior  to  the  gear-connected 
unit,  except  when  the  unit  becomes  so  large  that  3600  rev.  per 
min.  turbines  cannot  be  used  in  the  geared  unit.  This  method 
possesses  obvious  advantages  in  flexibility  of  plant  arrangement. 
For  plants  in  which  the  transmission  distance  is  short  enough, 
the  generator  can  be  designed  for  the  required  converter  voltage 
and  the  converter  connected  directly  to  the  generator  terminals. 
Where,  however,  distances  are  greater,  the  generator  can  be 
wound  for  a  higher  voltage  and  step-do^\^l  transformers  installed 
with   the   converters   at   the  electrolytic  tanks. 

Synchronous  converters  have  been  used  instead  of  motor- 
generator  sets  primarily  because  of  their  higher  efficiency.  Con- 
sidering the  most  unfavorable  conditions  from  the  standpoint 
of  the  synchronous  converter,  that  is,  a  60-cycle  synchronous 
booster  converter  with  transformers,  the  efficiency  of  a  1000- 
kilowatt,  250-volt,  synchronous  converter  outfit  would  be  ajt 
least  92  per  cent,  while  the  efficiency  of  an  equivalent  motor- 
generator  set  without  transformers  would  rarely  be  higher  than 
88  per  cent.  Without  transformers,  without  the  boosters  (where 
large  variations  in  voltage  are  not  required)  and  with  a  26- 
cycle  system,  the  comparison  would  be  still  more  favorable  to 
the  synchronous  converter. 

If  it  is  necessary  to  entirely  separate,  electrically,  the  dif- 
ferent circuits,  each  consisting  of  a  synchronous  converter  and 
series  of  tanks,  this  can  be  done  as  effectively  bv  the  use  of 
transformers  in  connection  ^vith  the  converters  as  by  the  use  of 
separate  generators  in  motor-generator  sets. 

If  transformers  are  necessary,  the  combined  cost  of  the  con- 
verter and  transformer  will  be  substantially  the  same  as  that 
of  the  motor- generator  set. 

The  inherent  advantages  of  the  induction  type  generator  for 
this  service  have  been  pointed  out  in  a  paper  before  the  In- 
stitute,* in  which  a  specific  application  to  electrolytic  work  was 
described.  The  stators  of  the  synchronous  and  induction  gen- 
erators are  substantially  the  same;  the  difference  between 
them  lies  in  the  rotors.  The  rotor  of  the  induction  generator 
consists  of  a  simple  winding  formed  of  bars  short-circuited  by 
end  rings  as  in  the  more  familiar  induction  motor.     As- in  the 

*The  Non-Synchronous  Generator  in  Central  Station  and  Other  Work, 
W.  L.  Waters,  Transactions  A.  I.  E.  E.,  Vol.  XXVII,  1908,  p.  167. 
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motor,  this  winding  need  not  be  insulated  from  the  core,  and 
there  are  no  collector  rings  and  brushes  which,  at  turbine 
speeds,  require  some  care  and  attention.  While,  however,  the 
induction  type  rotor  is  inherently  simpler  than  the  synchronous 
generator  rotor,  so  much  more  development  work  has  been 
done  with  the  latter  type  that,  as  actually  constructed,  the 
synchronous  rotor  is,  if  anything,  more  reliable  in  operation 
than  the  rotor  of  the  induction  generator.  The  exciting  or 
magnetizing  current  of  the  induction  generator  must  be  supplied 
from  the  synchronous  converter  so  that  the  converter  is  under 
the  handicap  of  operation  at  a  power  factor  lower  than  unity. 
This  handicap  may  become  serious  if  it  is  desired  to  increase  the 
voltage  above  that  originally  contemplated.  The  voltage  of  the 
synchronous  generator  on  the  other  hand  is  very  simply  controlled 
by  changes  in  its  exciting  current,  so  that  in  this  respect  the 
combined  alternating-current  generator-synchronous  converter 
unit  is  on  a  par  with  the  direct-current  generator.  For  these 
reasons  the  induj:tion  generator  has  not  been  extensively  applied. 
The  comparative  efficiency  of  the  various  methods  just 
described,  based  on  a  2000-kilowatt,  250- volt  unit,  are  given  in 
the  following  table: 

Apparatus  Efficiency 

(a)  Direct-connected    commutator     tyi>e     generator, 

three  760-kilowatt.  1500  rev.  per  min 80 

(b)  Direct-connected  unipolar  type  generator,    2000- 

kilowatt,  12.000  rev.  per  min 92 

(c)  Gear-connected  generator, 

Gear  3.600-300  rev.  per  min 08 

Generator  2,000  kilowatU.  300  rev.  per  min 93.5 

Combined 91.6 

(d)  Alternating-current  generator-converter  set 

A-c.  generator,  2,000  kilowatts,  3,600  rev.  per  min.  94.5 

Cables 99.5 

Synchronous  converter.  2,000  kilowatts,  360  rev. 

per  min 96 

Combined 90.2 

In  considering  these  efficiencies,  the  lower  economies  of  the 
lower  speed  turbines  for  (a)  and  (6),  and  for  (c)  in  larger  sizes, 
should  not  be  lost  sight  of. 

Waterwheel-driven  Units 

With  waterwheel-driven  units,  the  choice  lies  between  direct- 
connected  direct-current  generators  or  direct-connected  alter- 
nating-current generators  and  synchronous  converters.  In 
very  few  plants  can  waterwheel  generators  be  located  near 
enough  to  the  electrochemical  plant  to  justify  the  installation 
of  direct-connected  direct-current  generators,  in  view  ot  \\ve 
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expensive  structure  required  for  the  transmission  of  the  heavy 
currents.  The  various  questions  involved  in  such  an  installation 
can  best  be  brought  out  by  a  comparison  of  the  d-c.  and  a-c.-d-c. 
installations  in  a  specific  instance. 

For  this  purpose  a  plant  having  an  ultimate  capacity  of 
120,000  h.p.  with  a  water  power  having  a  250-ft.  (76.2-m.) 
head  has  been  chosen.  The  largest  direct-current  units  that 
could  be  even  considered  are  5000-kilowatt,  250- volt,  operating 
at  a  speed  of  170  rev.  per  min.  It  will  be  noted  that  this  current 
rating  in  proportion  to  the  speed  is  higher  than  previously 
given  as  a  conservative  rating.  Nineteen  such  units  would  be 
required  and  with  a  diameter  of  approximately  25  ft.  (7.6  m.) 
these  generators  would  require  a  power  house  approximately 
700  ft.  (213.3  m.)  long.  Contrasted  with  the  direct-current 
equipment,  eight  12,500-kv-a.,  277  rev.  per  min.  60-cycle 
generators  could  be  used.  These  generators  could  be  placed 
in  a  power  house  approximately  250  ft.  (76  m.)  long.  In  each 
case  one  spare  unit  is  included.  In  further  contrast  with  the 
direct-current  units,  the  alternating-current  units  are  well 
within  conservative  design  limits,  much  larger  generators  at 
higher  speeds  having  been  built.  With  the  direct-current 
units  a  lower  speed  has  necessarily  been  chosen  than  wotdd  be 
most  economical  for  the  water  wheels,  consequently  the  water 
wheel  efl5ciencies  are  lower  for  the  direct-current  plant  than 
for  the  alternating-current  plant.  The  comparative  efficiencies 
with  the  two  systems  are  shown  in  the  following  table: 

COMPARATIVE  EFFICIENCIES.  A-C. 

generation 
D-C.  and  con- 

generation  verten 

WaterwheelB 80  per  cent        80  per  cent 

Generators 05  06 

Transmission,  assuming  a  distance  of  2000 

ft.  (600  m.) 02  00.6 

Step-down  transformers 08.6 

Synchronous  converters 06 

Low-tension  wiring  from  step-down  trans- 
formers to  load  (assuming  50  ft. 
16.2  m.) 00.6 

Over-all  efficiencies  (from  water  to  load) ...  60.7  80. 1 

Ten  per  cent  difference  in  efficiency  would  mean  an  appre- 
ciable difference  in  the  investment  cost  and,  therefore,  in  the 
cost  of  power,  even  with  a  water  power  installation.  In  the 
present  instance,  assuming  an  investment  cost  of  $60  per  h.p., 
this  difference  would  amount  to  three-quarters  of  a  million 
dollars. 
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The  comparative  costs  of  the  two  propositions,  based  on  the 
total  cost  of  the  direct-cturent  system  as  100  per  cent,  are  shown 
in  the  following  table: 

A-C.  gen- 
D-C.  erAtion  And 

generAtion  converters 

19  5.000-kilowAtt  170-rev.  per  min.    250- 

▼olt    d-c.  generAtors  with  wAter 

wheels  complete  (one  unit  spAre) 

Approz 60  i)er  cent 

8    12.750-kilowAtt    277  rev.    per     min.. 

11. 000- volt  60-cycle  a-c.  genera- 
tors with  WAterwheels  complete 

(one  unit  a  spAre)  Approx 38  per  cent 

TrAnsmission  [bAsed  on  90.000  kilowatts 

250  volU  for  2.000  ft.  (609  m.) 

with   copper  At  10  \  cts.  per  lb. 

(0.45  kg.)  loss  8  per  cent]  Approx. .     38  1 

19   5250-kilowAtt.     three-phase.     60-cycle 

O.  I.  W.  C.  trAnsformers  11.000 

to  180  volts  (one  a  spAre  unit) 

Approx 4i 

19  5.000-kilowAtts,  six-phAse,  250-volt  d-c. 

synchronous  converters  with  10 

per  cent  buck  And  10  per  cent 

boost  (one  a  spAre  unit)  Approx.. 

(BAch    unit    consisting    of    two 

2500-kilowAtt  converters) 29 

Low-tension  wiring  from  step-down  tnins- 

formers  to  load  [50  ft.   (15.2m.) 

Assumed]  approx 1 

Switching  equipment,  approx 2  7^ 

Totals 100  81 

The  above  costs  do  not  include  the  cost  of  supports,  anchors 
and  insulation  for  the  direct-current  transmission  line  which, 
with  the  very  heavy  structure  necessary,  would  be  a  considerable 
item. 

Obviously  with  a  smaller  plant  and,  particularly,  with  a 
shorter  transmission  distance,  the  cost  of  the  direct-current 
plant  would  be  materially  less.  The  efficiency,  however,  would 
not  be  greatly  improved  unless  more  efficient  wheels  could  be 
used,  and  the  drop  in  the  transmission  reduced  by  a  material 
increase  in  the  cost  of  this  part  of  the  plant.  For  example,  for  a 
plant  of  60,000  h.p.  instead  of  120,000  h.p.  and  assuming  1000 
ft.  (304.8  m.)  length  and  5  per  cent  loss  for  the  direct-current 
transmission,  the  a-c. -d-c.  plant  would  still  have  8  per  cent 
higher  efficiency  but  its  cost  would  be  10  per  cent  more  than 
the  direct  cnirrent.  Even  on  this  basis  the  a-c. -d-c.  plant  would 
be  more  economical.  Its  flexibility  is,  moreover,  an  additional 
advantage  of  great  importance. 

These  6guresjare  well  substantiated  by  the  change  in  practise 


12  NEWBURY:  SOURCES  OF  DIRECT  CURRENT      [Jaiu  9 

fotrnd  desirable  by  one  of  the  largest  aluminum  companies. 
All  of  the  recent  work  done  by  this  company  has  been  with 
alternating-current  generators  and  synchronous  converters. 
A  large  installation  involving  nine  2500-kilowatt,  500-volt, 
60-cycle  synchronous  converters  is  now  being  erected  and  a 
still  larger  installation  involving  60-cycle  machines  of  similar 
rating  is  in  process  of  construction. 

At  the  lower  voltages  more  commonly  involved  in  electro- 
chemical work,  a  60-cycle  system  has  considerable  advantage 
over  a  25-cycle  system.  The  higher  frequency  is  an  advantage 
from  the  standpoint  of  the  turbine  because  of  the  higher  available 
speeds;  costs  throughout  the  installation  are  less.  In  the 
synchronous  converters  the  higher  frequency  is  an  advantage 
due  to  the  larger  number  of  poles  and  armature  circuits  for  a 
given  speed.  At  the  higher  voltages,  that  is,  500  to  700,  some- 
times used  for  the  reduction  of  aluminum,  there  is  a  slight 
advantage,  from  the  standpoint  of  the  synchronous  converter 
design,  in  the  lower  frequency.  This,  however,  is  not  sufficient 
to  overcome  the  other  disadvantages  incident  to  the  lower 
frequency. 

Reciprocating  Engine  Units 

While  these  units  have  very  little  application  in  modern 
plants,  they  should  be  mentioned  to  complete  this  survey. 
From  the  generator  standpoint  the  lower  speeds  common 
with  reciprocating  units  is  a  decided  advantage,  permitting  as 
it  does  a  large  number  of  poles  and  armature  circuits.  On 
account  of  this  fact  there  is  no  reason  for  considering  other 
schemes  than  the  simple  direct-connected  commutator-type 
direct-current  generator.  The  efficiency  of  a  2000-kilowatt, 
250- volt  unit  would  be  94  per  cent. 

Conclusion 

From  the  many  schemes  proposed  for  the  generation  of 
direct  current  for  electrochemical  plants,  two  plans  assuming 
steam  turbine  prime  movers  have  decided  advantages  in  effi- 
ciency and  reliability  and  flexibility  in  operation.  These  are 
the  gear-driven  commutator-type  generator  where  the  distance 
between  the  power  plant  and  the  place  of  utilization  is  short 
and  the  ccmbined  alternating-current  generator  and  syn- 
chronous converter  plant  when  this  distance  becomes  too 
great  for  economical  low- voltage  transmission  or  the  units  be- 
come too  large  for  economical  turbine  speeds. 
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Discussion  on  "  Sources  of  Power  for    Electrochemical 
Processes  "    (Newbury),  New  York,  January  9,  1914.* 

G.  A.  Roush:  Mr.  Newbury  takes  up  a  standard  outfit, 
with  a  capacity  of  120,000  h.p.,  and  draws  comparisons  on  that 
basis.  I  think  it  would  have  been,  possibly,  of  more  value  to 
the  people  interested  in  the  electrochemical  utilization,  to  have 
used  for  examples  sizes  of  installations  that  are  more  nearly 
those  that  are  actually  in  use,  that  is,  as  Mr.  Addicks  stated 
in  his  paper,  in  the  neighborhood  of  1000  to  1500  kw, 

F.  A.  Lidbuiy:  In  only  one  line  of  electrolytic  industry — 
the  reduction  of  aluminimi — are  single  installations  of  120,000 
h.p.  conceivable  at  the  present  time;  indeed,  there  is  no  other 
single  line  of  electrolytic  manufacture,  the  power  requirements 
of  which  throughout  the  United  States  exceed  100,000  h.p., 
and  the  instance  of  water  power  generation  examined  by  Mr. 
Newbury  is  so  far  removed  from  anything  approaching  what 
is  possible  in  the  refining  of  copper  and  the  other  metals,  that 
his  analysis  has  practically  no  bearing.  Most  electrolytic 
plants  of  importance,  the  alumintmi  industry  being  excluded, 
will  be  foimd  to  have  a  power  consumption  somewhere  between 
1000  h.p.  and  10,000  h.p.,  and  so  far  from  single  tmits  of  5000 
kw.  being  common,  any  plant  which  is  consiuning  5000  kw. 
will  be  found  to  be,  even  today,  a  considerable  factor  in  its 
particular  line  of  manufacture.  Even  in  the  largest  electro- 
lytic installations  (still  excepting  aluminum  plants)  the  size 
of  units  does  not  often  exceed  1000  kw.  Most  electrochemists 
would,  therefore,  have  been  more  interested  in  comparisons 
made  between  installations  of  units  of  capacities  of  this  order 
than  in  those  with  which  Mr.  Newbury  specifically  dealt  in 
considering  water  power  generation.  That  the  results  of  such 
a  comparison  would  have  been  very  different  is  clear  from  a 
consideration  of  his  own  data;  it  will  no  longer  be  correct  to 
say  that  "  in  very  few  plants  can  water-wheel  generators  be 
located  near  enough  to  the  electrochemical  plant  to  justify  the 
installation  of  direct-current  generators.  "  It  is  obviously 
true  that  where  transportation  or  other  conditions  demand  the 
location  of  the  electrolytic  plant  at  a  considerable  distance 
from  the  power  house,  d-c.  generation  will  be  out  of  the  question 
in  any  case,  but  where  no  such  condition  is  involved,  it  will 
usually  be  found  not  only  feasible  but  the  only  rational  scheme. 

Having  somewhat  modified  our  starting  point  in  regard  to 
the  size  of  tmit  which  should  be  taken  as  typifying  electrolytic 


*At  this  joint  meeting  two  other  papers  were  presented,  "  (1)  "Limita- 
tions of  the  Problem  of  Electrolytic  Deposition,"  by  Lawrence  Addicks, 
of  the  American  Electrochemical  Society,  and  (2)  "The  Power  Problem  in 
the  Electrolytic  Disposition  of  Metals."  by  H.  E.  Longwell,  of  the 
American  Society  of  Mechanical  Engineers.  These  papers  are  published 
by  the  societies  mentioned  and  not  by  the  A.  I.  E.  E. 
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requirements,    Mr.    Newbury's    table   connecting    the    prime 
mover  and  generator  speed  with  the  conservatively  practicable 
capacity   of  vmits  assimies  quite  another  aspect;  it  teaches  us 
that  d-c.  generators  of  1000  kw.  capacity  can  be  directly  con- 
nected to  waten\'heels  of  speeds  as  high  as  600,  if  a  voltage  of 
260  is  used,  and  as  high  as  300  in  the  extreme  case  of  voltage 
requirements  as  low  as   125.     Obviously,  imder  typical   con- 
ditions, there  ceases  to  be  any  difl5culty  in  d-c.  generation  in 
connection  with  any  waterwheel  speed  tJiat  is  likely  to  be  met 
with.     This,  in  turn,  puts  quite  a  different  aspect  upon  the 
comparative  efficiency  of  d-c.   generation   and  a-c.  generation 
with  converters,  as  is  obvious  from  the  fact  that  the  bulk  of 
the  difference  in  over-all  efficiencies  from  water  to  load  in  Mr. 
Newbury's  table  is  accounted  for  by  the  necessity   of   adopt- 
ing, under  the  conditions  which  he  examines,  a  turbine  of  lower 
speed  and  of  9  per  cent  lower  efficiency  for  connection  to  the 
d-c.  generator.     Under  conditions  more  truly  t>'pical,  this  nec- 
essity vanishes.     It  will  usually  be  found  advisable  under  these 
conditions  to  require  no  modification  of  waterwheel   speed    to 
accommodate    either    alternator   or   d-c.    generator,    as    there 
will  be  no  difficulty  in  obtaining  either  machine  to  give  first- 
rate  performance  at  the  speed  most  advantageous  from  the 
point  of  view  of  waterwheel  design.     As  a  general  rule  it  will 
be  foimd  much  easier  to  get  the  electrical  manufacturer  than 
the  turbine  maker  to  make  what  compromises  are  necessary 
without  appreciable  loss  of  efficiency.     There  will,  in  any  case, 
be  but  a  slight  difference  in  efficiency  of  a-c.  and  d-c.  generators, 
probably  not  exceeding  one  per  cent,  and  while  there  may  be 
a  considerable  difference  in  cost  between  d-c.  and  a-c.  units, 
the  magnitude  of  this  will  depend  upon  a  number  of  conditions, 
chief  of  which  is  the  d-c.  voltage;  under  favorable  conditions, 
e,  ^.,  where  d-c.  voltages  approaching  or  exceeding  250  can  be 
used,   the  cost  of  a-c.   accessories   (exciters,   switching  equip- 
ment, etc.)   will   go   far   towards  completely  wiping  out   this 
difference.     In  most  cases,  therefore,  it  is  practically  a  question 
of  determining  the  distance  to  which  the  value  of  the  synchron- 
ous converter  set  with  transformers  and  accessories,  and  includ- 
ing building  space  and  investment  in  copf>er,  will  enable  the 
current  to  be  carried  with  the  same  per  cent  energy  loss  as  that 
involved  in  transformation  by  the  synchronous  converter  set; 
and  perhaps  it  would  be  only  in  accord  with  experience  to  carry 
out  this  calculation  with  a  healthy  skepticism  as  to  whether 
the  over-all  efficiency  of  a-c.  generation  and  converters  as  ex- 
pressed by  the  product  of  the  efficiencies  of  the  component 
parts  of  the  system  under  test  conditions  will  not  be  appreciably 
reduced  under  conditions  of  actual  operation.     Viewed   from 
this  standpoint,  the  radius  of  economic  transmission  of  low- 
tension  direct  current  will  often  figure  out  surprisingly  large, 
and  will,  in  almost  every  instance  in  which  it  is  not  necessary 
to  place  the  load  at  a  point  determined  by  other  considerations, 
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usually  be  sufficient  to  include  not  only  a  possible  point  of 
delivery  to  the  load,  but  also  the  whole  of  the  load-absorbing 
portion  of  the  plant,  within  its  area. 

Economically,  at  least,  two  other  points  are  to  be  considered. 
It  is  obvious  that  direct  operating  cost  {e,g,  attendance,  oil, 
etc.)  will  in  some  respects  be  practically  doubled  by  the  nec- 
essity of  maintaining  two  stations  containing  moving  ma- 
chinery, instead  of  one;  and  maintenance  charges  will  also  be 
considerably  increased,  though  possibly  not  to  the  same  extent. 
The  smaller  the  installation,  the  more  important  this  point  be- 
comes. Secondly,  due  weight  must  be  given  to  the  difference 
in  depreciation  on  the  same  sum  invested,  respectively,  in  copper 
conductors  and  in  synchronous  converter  equipment.  This 
difference  would  be  likely  to  appear  more  clearly  at  the  end  of 
a  number  of  years'  running  than  in  the  early  stages  of  the 
installation.  One  cannot,  of  course,  prophesy  what  the  scrap 
price  of  copper  is  likely  to  be  in  10  or  15  years  time,  but  one 
has  a  pretty  good  idea  of  what  the  scrap  price  of  a  synchronous 
converter  equipment  of  that  age  is  likely  to  be.  Both  these 
factors  have  to  be  included  in  any  proper  scheme  of  economy, 
and  they  are  not  by  any  means  insignificant  in  magnitude. 

Lastly,  the  electrochemical  engineer  is  also  apt  to  have  a 
prejudice  in  favor  of  simplicity.  What  he  wants  in  the  way 
of  power  equipment  is  something  which  will  be  primarily  char- 
acterized by  smoothness,  ease  and  reliability  in  operation,  and 
he  is  apt  to  know  by  experience  that  this  is  not  most  likely  to 
be  obtained  by  multiplying  the  electrical  links  in  his  chain  of 
power  machinery,  or  the  number  of  points  needing  continual 
attention  to  insure  the  best  operating  results. 

I  frankly  concede  that  these  remarks  do  not  apply  to  water 
power  installations  of  such  magnitude  as  Mr.  Newbury  deals 
with,  and  I  also  concede  that  he  has  pointed  out  that  the  validity 
of  his  conclusions  decreases  with  decrease  of  unit  capacity. 
It  seemed  highly  desirable,  however,  that  this  portion  of  the 
subject  should  be  discussed  in  its  bearing  upon  the  vast  major- 
ity of  electrolytic  installations. 

F.  L.  Antisell:  It  seems  that  one  point  which  has  been  over- 
looked is  the  efficiency  of  partial  loads.  The  reciprocating 
engine  is  capable  of  having  the  characteristic  of  the  100  per 
cent  load,  by  varying  the  speed  of  the  engine,  tending  to  uniform 
mean  effective  pressure.  In  the  various  types  of  turbines, 
when  we  come  to  running  at  partial  loads,  we  find  a  great 
falling  off  in  efficiency.  I  do  not  think  this  ]:)oint  has  been 
brought  out  fully,  and  it  is  a  very  important  point  in  connec- 
tion with  this  subject. 

J.  B.  F.  Herreshoff :  Our  system  at  first  ap]:)arently  required 
small  units,  and  those  were  supplied  with  high-speed  triple- 
expansion  engines  of  the  torpedo  tyi)e.  Tliey  were  first  in- 
stalled about  15  years  ago,  in  units  of  al)out  400  kw.,  making 
350  rev.    per  min.,   operated   condensing.     Those   were  after- 
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wards  operated  with  a  low-pressure  turbine.  The  engines 
gave  very  satisfactory  results,  but  the  cost  of  maintenance  on 
a  great  many  units  is  an  item  that  we  have  to  avoid.  The 
first  of  the  turbo-generators  that  we  had  was  the'  first  one  of 
the  Parsons  type  made  in  the  United  States,  nmning  about 
6000  to  6000  rev.  per  min.,  generating  direct  current,  and  it 
had  very  long  commutators.  After  that  we  put  in  an  acyclic 
generator  of  2000  kw.,  but  we  had  trouble  with  the  collectors. 
We  found  an  enormous  amount  of  heat  going  away  from  the 
machines,  and  inasmuch  as  it  came  out  of  four  or  five  holes, 
it  was  a  simple  problem  to  take  the  teinperature  of  the  ingoing 
and  outgoing  air.  We  foimd  that  30  per  cent  of  the  energy 
was  going  off  in  heat. 

We  also  felt  there  must  have  been  some  mistake  in  the  method 
heretofore  used  in  arriving  at  the  efficiency  of  this  machine, 
which  was  supposed  to  run  up  to  ninety-five  per  cent,  but  this 
method  of  getting  at  the  efficiency  seemed  to  be  a  pretty  good 
one. 

The  next  problem  was  how  to  get  the  best  arrangement  for 
miaking  an  alternating  current,  starting  first  with  the  steam 
turbine.  Mr.  J,  B.  Herreshoff  conceived  the  idea  of  an  alter- 
nating-current generator  of  a  low  voltage,  connected  without 
any  transformer  to  a  properly  designed  synchronous  converter. 
A  good  many  of  these  outfits  have  been  built  and  they  seem 
to  have  special  advantages  for  this  type  of  work. 

J.  B.  Herreshoff:  In  an  electrolytic  plant,  if  you  double 
the  amperes  you  will  deposit  your  copper  in  half  the  time. 
This  will  take  double  the  voltage,  and  the  restdt  would  be  you 
would  have  four  times  the  power  in  your  tanks.  There  are 
some  advantages  in  doing  this.  The  temperature  of  the  elec- 
trolyte would  be  kept  up,  and  in  some  cases  it  might  not  b,e 
necessary  to  use  steam.  This  is  done  at  Great  Falls.  At 
that  plant  I  believe  they  use  a  current  density  of  about  40 
amperes  per  sq.  ft.  (0.09  sq.  m.),  and  the  temperature  of  the 
electrolyte  there  is  150  deg.  fahr.  In  the  multiple  system, 
the  temperature  will  vary  generally  in  the  East  here  from  130 
to  135  deg.  fahr.  The  cost  of  keeping  the  electrolyte  warm 
is  so  great  that  the  temperature  can  not  very  well  be  kept  higher. 

It  is  interesting  to  note  that  if  we  do  double  the  current 
density,  although  the  power  goes  up  four  times,  the  cost  per 
pound  of  copper  only  doubles.  The  objection  to  doing  this, 
we  have  foimd,  is  that  the  deposits  are  not  so  smooth;  they  are 
apt  to  be  crystalline,  more  brittle,  which  is  often  a  very  serious 
matter  in  the  handling  of  the  cathodes. 

Mr.  Newbury  mentioned  that  it  was  very  easy  to  vary  the 
voltage,  where  there  was  only  one  synchronous  converter 
connected  with  one  alternator,  by  varying  the  field  of  the  al- 
ternator. This  is  true.  It  can  also  be  varied,  to  some  extent, 
by  varying  the  length  of  the  synchronous  converter,  which 
has  the  effect  of  changing  the  power  factor.     Where  two  con- 
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verters  are  connected  to  one  alternator,  differences  of  voltage 
can  be  obtained  by  weakening  the  field  of  one  slightly,  and 
strengthening  the  field  of  the  other.  The  advantage  of  doing 
this  is  that  you  can  use  a  larger  turbine  and  alternator,  which, 
of  course,  means  a  little  more  cost  in  installation,  but  it  also 
means  a  little  better  economy.  The  objection  to  this  method 
of  control  is  that  on  account  of  the  power  factor  not  being 
unity,  the  converter  will  heat  up  in  some  parts  of  the  arma- 
ture, but  not  seriously,  if  the  difference  of  voltage  between 
the  conveiters  is  not  more  than  thirty  or  forty. 

CO.  Maillouz:  The  statement  which  has  been  made  that 
the  character  of  the  copper  deposit  depends  upon  the  current 
density  requires  some  qualification.  That  it  is  true  in  cases 
such  as  those  which  have  been  referred  to  is  due  to  the  peculiar 
circtimstances  and  conditions  of  the  cases.  It  is  not  true  as 
a  general  proposition,  and  the  wide-spread  belief  that  a  regular 
deposit  of  ductile  copper  of  good  quality  can  be  obtained  only 
with  low  current-densities  is  quite  erroneous.  The  quality  of 
the  copper  deposited  at  the  cathode  may  be  independent  of  the 
ciurent-density  within  very  wide  limits.  It  is  possible  to 
obtain  very  good  deposits  (and  also  very  bad  deposits)  at  any 
current-density  between  10  and  1000  amperes  per  sq.  ft.  (0.09 
sq.  m.).  A  current-density  of  1000  amperes  per  sq.  ft.  will 
doubtless  seem  enormous  to  those  who  are  familiar  only  with  the 
cturent-densities  employed  in  electrolytic  copper  refining,  which 
seldom  exceed  30  amperes  per  sq.  ft.;  but  it  is  true,  neverthe- 
less, that  copper-deposits  of  the  finest  quality  can  be  obtained 
at  that  high  current-density.  In  1885,  I  was  called  upon  to 
develop  a  process  of  rapid  electrotyping.  Electrolytic  copper 
"  shells  '*  such  as  used  for  making  ordinary  electrotypes  have 
a  thickness  ranging  from  0.010  to  0.015  inch  (0.25  to  0.38  mm.). 
This  means  a  weight  ranging  between  0.45  and  0.70  lb.  per  sq. 
ft.,  and  the  quantity  of  current  required  to  deposit  that  amount 
of  copper,  allowing  for  some  loss  in  current-efficiency,  i.e., 
allowing  for  electrolytic  action  which  causes  the  deposit  of 
something  else  besides  copper  -hydrogen,  for  instance — at  the 
cathode,  will  range  between  200  and  300  ampere-hours  per  sq. 
ft.  With  a  current-density  of  only  10  amperes  per  sq.  ft.,  the 
time  required  will  therefore  be  from  20  to  30  hours.  The  prob- 
lem which  I  was  called  upon  to  solve  was  to  shorten  the  time  to 
not  over  two  hours.  It  was  important  that  the  copper  shells 
should  be  very  uniform  in  thickness,  free  from  ''  pin-holes  '', 
and  of  the  very  best  quality  of  copper.  Considering  their  large 
size — that  of  a  newspaper  page — it  seemed  difficult  to  meet 
these  requirements.  It  proved  possible,  however,  to  obtain  de- 
posits of  the  finest  quality  and  uniformity  with  current-den- 
sities as  high  as  1000  amperes  per  sq.  ft.  This  enabled  the  time 
to  be  cut  down  to  less  than  one-half  hour  for  a  shell  of  full  thick- 
ness; but  for  the  purpose  in  view  a  rate  of  deposit  producing 
a  shell  in  one  hour  was  sufficient  and  was  adopted  in  practise. 
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These  results  were  not  mere  laboratory  experiments.  The 
'process  was  in  regular  operation  for  many  months,  turning  out 
several  hundred  pounds  of  electrotype  shells  every  day,  and  the 
number  of  shells  found  defective  was  surprisingly  small.  The 
secret  was  simple  enough;  it  was  merely  a  question  of  keeping 
the  electrolyte  under  control^  so  as  to  maintain  it  in  substan- 
tially the  same  chemical,  electrical  and  physical  condition  all 
the  time.  The  amounts  of  coi)per  sulphate  and  free  acid  in  the 
electrolyte,  the  density,  specific  resistance,  and  temperature  of 
the  electrolyte,  were  all  maintained  within  certain  limits;  and 
the  electrolyte  was  systematically  agitated  and  circulated.  The 
object  in  view  was,  of  course,  to  put  the  electrolyte  in  the  best 
possible  condition  to  meet  the  urgent  demand  for  **  ions  *'  re- 
sulting from  the  high  current  densities.  If  there  is  not  enough 
copper  in  solution  at  the  cathode  to  satisfy  the  **  cation  "  re- 
quirements of  the  current,  the  deficiency  will  be  made  up  by 
a  partial  deposit  of  hydrogen  with  the  copper;  and  it  is  well 
known  that  a  very  small  proportion  of  hydrogen  is  sufficient  to 
alter  the  quality  of  the  deposit.  The  great  difficulty  is  to  pre- 
vent the  deposit  at  the  cathode  of  other  elements  than  copper. 
Hence,  as  a  rule,  high  current-efficiency  is  a  condition  (though, 
perhaps,  not  the  only  condition)  for  a  good  deposit. 

High  current-densities  (up  to  300  amperes  per  sq.  ft.)  have 
been  employed  in  more  recent  years  in  connection  with  pro- 
cesses for  making  copper  tubes  and  sheets  by  the  electrolytic 
deposition  of  copper  on  rotating  cylindrical  cathodes. 

In  electrolytic  copper  refining,  high  current-density,  though 
still  possible,  in  theory,  is  excluded,  in  practise,  for  the  good 
reason  that  **  it  would  not  pay.'*  Aside  from  the  increased 
amount  and  cost  of  electrical  energy  that  would  result  from  the 
use  of  higher  current-densities,  there  are  other  important  con- 
siderations which  argue  strongly  in  favor  of  low  current-den- 
sities. The  electrolyte  is  more  complex  and  much  more  variable 
in  chemical  constitution  by  reason  of  the  impurities  contained 
in  the  anodes,  and  which  eventually  pass  into  the  solution,  or 
else  form  a  part  of  the  "  slime.*'  This  slime  contains  the  pre- 
cious metals,  gold  and  sliver,  which  are  recovered  through  the  pro- 
cess of  refining.  It  is  necessary  to  guard  carefully  against  loss 
of  precious  metals  by  their  being  carried  over  to  and  de- 
posited on  the  cathode,  either  electrolytically  or  mechanically. 
This  means,  practically,  that  the  electrolyte  must  not  be  stirred 
violently;  indeed,  it  can  scarcely  be  stirred  at  all,  to  increase 
diffusion.  The  difficulties  and  the  cost  of  maintaining  the 
electrolyte  at  a  high  constant  conductivity,  either  by  raising 
the  temperature,  or  by  chemical  treatment,  and  the  difficulties 
incidental  to  circulation  or  agitation  of  the  solution,  are  very 
much  greater  than  in  the  case  of  an  electrolyte  serving  for  elec- 
tro-deposition when  using  anodes  of  pure  copper.  Experience 
has  shown  that  the  advantages,  such  as  increased  output  from 
a  plant  of  given  size,  etc.,  do  not  offset  the  disadvantages  and 
the  increased  cost. 
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Thefe  IB  also  sotne  mimindef standing  in  fegafd  to  the  co«t  of 
the  poWet  tequifed  tot  depositing  cdppef  i      Pafadoxical  as  the 
iltateinent  may  Seem,  it  is  possible,  theofeticallv,  to  deposit 
any  amount  of  coppcf  with  a  given  amount  of  electric  powef  4 
A  mathematical  demonstration  of  this  possibility  was  given  by 
me  dome  twenty^five  yeai^  ago  in  a  series  of  articles  published 
in   the   Etectricat  Engineer.       The    electtochemical    principled 
dn  Which  this  interesting  possibility  depend  were  set    fofth 
by  t>t.  N.  g;  Keith,  the  foUndef  and  first  secfetafy  of   thi* 
Institute,  in  the  discussion  of  a  papet*  on  **  Oepositing  Vats  Irl 
Series,"  read  by  Mt,  Slatef ,  at  the  fifst  meeting  of  the  A.  L  E.  E* 
at  Philadelphia,  In  October,  1884  (see  Volume  I  of  the  A.  I.  E*  E, 
Transactions);     When  there  is  no  polarization^ffect  pifodUced 
at  the  anode  of  the  cathode,  in  othet  words,  when  the  thermo* 
chemical  fedction  (heat  of  formation)  incidental  to  the  dissolving 
of  copper  at  the  anode  is  exactly  eqUal  to  that  incidental  to  the 
deposit  of  coppei"  at  the  cathode^  as  is  the  case  when  electrolysis 
takes  place  with  a  low  current-density  bcitween  plates  of  pui'e 
copper  in  an  electrolyte  of  pure  copper  sulphate,  all  the  "  imw  '' 
then  consisting  of  copper  only,  there  is  no  consimiptiott  ti 
energy  except  in  overcoming  resistance.     In  such  a  case  it  is 
possible  to  increase  the  total  amount  of  copper  deposited  without 
increasing   the   total   amount   of   electrical   energy   expended. 
Suppose  that,  in  a  given  case,  starting  with  a  certain  number 
of  vats  in  series,  we  add  a  second  series,  exactly  like  the  first 
one,  in  mtdtiple.     If  the  current-density  in  each  series  be  made 
one-half  what  it  was  in  the  first  series,  tlie  total  current  passing 
through  the  two  series  in  multiple  will  be  the  same  as  before, 
and  the  total  amount  of  copper  deposited,  on  the  avSsumption  of 
100  per  cent  current  efficiency,  would  be  the  same  as  before.     The 
difference  of  potential  between  the  anodes  and  cathodes  in  each 
vat  will  be  reduced  to  one-half,  because  it  only  depends  on  resist- 
ance-drop, in   the  absence  of  polarization.     If  we  still  wish  to 
retain  the  same  working  pow^er  in  the  circuit,  we  may  add  as 
many  cells  again  in  series  to  each  of  the  series.     We  will  then 
have  four  times  the  number  of  vats  and  four  times  the  number 
of  cathodes  on  which  copper  is  being  deposited  with  one-half 
the  current  density,  and,  consequently,  one-half  the  rate  of  de- 
posit that  was  obtained  when  one  set  of  vats  alone  was  in  use. 
With  four  times  the  ntimber  of  plates  receiving  a  deposit  at 
one-half  the  original  rate,  the  total  output  in  copper  will  be 
doubled.     By  increasing  the  niunber  of  series  connected  in  mul- 
tiple to  four,  the  number  of  vats  in   each  series  could  also  be  in- 
creased to  four  times  the  original  number.     The  current  density 
for  the  same  total  cturent  and  energy  woidd  be  one-quarter  what 
it  was  originally,  but  with  sixteen  times  the  number  of  vats  and 
plates  in  use,  the  total  amount  of  copper  deposited  with  the  same 
electric  power,  would  be  four  times  what  it  was  before.     It  is 
seen  that  the  niunber  of  vats,  and,  consequently,  the  size  and  cost 
of  plant  necessary  to  treat  such  a  large  amount  of  copper,  would 
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increase  in  geometrical  ratio  as  compared  with  the  increase  in 
output,  and  it  is  obvious  that  such  a  plan  would  not  be  economi- 
cal. The  saving  in  cost  of  power,  which  might  be  effected  by 
reducing  the  current-density  to  a  very  low  value  in  a  plant  ar- 
ranged as  just  mentioned,  would  come  far  short  of  offsetting  the 
additional  fixed  charges  and  operating  expenses  of  the  greatly 
enlarged  plant  necessary,  to  say  nothing  of  the  loss  of  interest 
resulting  from  the  greatly  increased  total  amoimt  of  copper 
that  would  be  under  treatment  at  the  refinery.  Refining  copper, 
being  a  commercial  proposition  as  well  as  an  electrochemical 
and  mechanical  problem,  must  be  carried  on  under  conditions 
which  are  compatible  with  the  highest  economy  and  which  give 
the  most  profit.  It  is  foimd  in  practise  that  the  best  results  are 
obtained  when  the  current-density  ranges  between  15  and  50 
amperes.  The  exact  current-density  corresponding  to  the  best 
financial  result  will  naturally  vary  somewhat  with  the  locality, 
design,   and   operating  conditions   of  the  particular  refinery. 

Lawrence  Addicks:  The  higher  the  current  density  the  more 
rapid  must  be  the  circulation  in  order  to  keep  sufficient  copper 
close  to  the  cathode,  which  is  the  secret  of  good  deposits. 
We  are  limited  in  that  by  the  silver  and  gold  losses,  as  the  con- 
tents of  the  anode  are  left  as  insoluble  slime  in  the  tank,  and 
we  cannot  afford  to  stir  that  up  and  foul  the  cathode.  That 
is  the  commercial  point  which  limits  us. 

I  think  a  1500-kw.  turbine  will  use  17  lb.  of  steam  per  kw-hr. 
on  the  same  basis  on  which  I  have  shown  the  curves  of  the  re- 
ciprocating engine.  Take  the  triple-expansion  engine  at  15 
lb.,  and  we  have  a  difference  of  2  lb.  of  steam  per  kw-hr.,  which, 
at  15  cents  per  1000  lb.  is  $39.42  a  year,  which  is  $2.60  per  kw. 
Without  disputing  18  per  cent,  that  Mr.  Longwell  wants  for  de- 
preciation, interest,  etc.,  that  allows  us  to  spend  $15  per  kw. 
more  on  that  installation,  and  right  on  this  question  of  steam 
consiunption,  the  reciprocating  engine  for  that  size  imit  certainly 
holds  its  own. 

Mr.  Newbury,  on  the  other  hand,  says  that  simplicity  is  a  great 
point,  that  the  reciprocating  engine  is  a  complicated  affair, 
and  that  we  would  much  better  have  a  steam  turbine  for  the 
prime  mover,  an  alternating-current  generator,  a  transformer, 
a  synchronous  converter,  and  a  booster.  I  think  on  that  score 
also  the  reciprocating  engine  has  something  to  be  said  for  it. 

C.  H.  Vom  Baur:  The  oil  engine  has  been  used  only  to  a  slight 
extent  in  this  coimtry  in  electrochemical  industries.  Now  that 
oil  can  be  sold  in  the  harbor  of  New  York  for  less  than  three  cents 
a  gallon,  2.83  cents,  actually  in  lots  of  80,000  gallons,  and  in  view 
of  the  high  load  factor  in  this  work,  the  subject  of  the  oil  engine 
has  again  come  to  our  attention.  These  engines  will  make  power 
for  0.45  of  a  cent  per  kw-hr.,  taking  interest  and  depreciation 
at  ten  per  cent,  and  figuring  in  all  the  taxes  and  insurance,  in- 
cluding liability  insurance.  There  is  so  much  of  this  heavy 
oil  on  the  market,  that  contracts  are  made  for  a  number  of  years. 
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These  oil  engines  have  been  made  in  Etirope  in  sizes  as  large 
as  2000  h.p.  to  a  cylinder,  so  with  the  average  size  plant  in  which 
engines  are  used  in  this  electrochemical  industry,  and  with  the 
average  size  unit,  all  the  conditions  can  easily  be  met  with  the 
oil  engine  and  with  the  oil  that  is  now  on  the  market. 

Lawrence  Addicks:  There  seems  to  be  no  question  that  it 
is  possible  to  do  better  with  the  gas  engine  than  the  best  that 
could  be  done  in  the  case  of  steam.  I  looked  at  one  of  the  oil 
engine  installations  in  this  country  recently,  I  think  it  was  of 
400  or  500  h.p.  capacity.  The  only  difficulty  with  it  was  that  it 
was  subject  to  heart  failure,  and  when  it  had  one  of  these  strokes 
and  was  shut  down,  there  was  considerable  difficulty  in  getting 
it  started.  I  think  this  engine  is  about  two  years  old,  and  it 
has  not  shown  the  reliability  that  we  feel  is  necessary  in  electro- 
lytic work. 

H.  E.  Longwell:  As  I  understand  it,  the  object  of  the  meeting 
tonight  is  to  consider  what  is,  and  what  is  not,  a  suitable  prime 
mover  for  electrolytic  plants;  and  when  I  say  I  do  not  think  the 
gas  engine  is  most  desirable  for  the  specified  operating  conditions, 
I  do  not  want  any  one  to  get  the  idea  that  I  do  not  think  the  gas 
engine  has  its  uses.  Neitlier  do  I  want  you  to  get  the  idea  that 
I  do  not  think  the  low-pressure  steam  turbine  has  its  legitimate 
field  of  usefulness. 

I  have  discussed  the  several  types  of  power  plant  solely  with 
reference  to  the  operating  conditions  as  I  understand  them,  and  I 
have  endeavored  to  do  it  impartially  and  dispassionately.  I 
also  wish  to  assure  you  that  my  advocacy  of  the  complete  expan- 
sion turbine  for  this  service,  is  entirely  disinterested,  and  is  based 
only  on  what  in  my  estimation  are  sound  principles  of  commercial 
engineering. 

F.  D.  Newbury:  Some  criticism  has  been  aimed  at  what  I, 
in  writing  the  paper,  considered  the  least  important  part  of  the 
paper — the  waterwheel-driven  plant.  The  steam-driven  plant 
is,  of  course,  the  one  in  which  the  copper  refiners  in  the  vicinity 
of  New  York  are  mainly  interested. 

In  connection  with  the  criticism  of  the  size  of  waterwheel  plant 
considered,  it  was  not  brought  out  in  the  paper  as  probably  it 
should  have  been,  that  waterwheel  plants  are  used  mainly  in  the 
aluminiun  industry  where  large  amounts  of  power  are  required, 
and  for  that  reason  a  large  plant  was  purposely  selected.  Ex- 
perience has  shown  that  in  such  plants  the  apparently  more  com- 
plicated power  plant  consisting  of  two  or  three  links  is  in  reality 
simpler,  more  reliable,  more  efficient,  and  less  costly  to  maintain, 
than  the  installations  consisting  simply  of  the  waterwheel  and 
generator.  With  plants  of  1000  kw.  or  1500  kw.  or  even  2000 
kw.,  I  agree  that  the  alternating-current  generator  and  syn- 
chronous converter  cannot  compete  with  the  direct-connected 
generator,  if  the  plant  can  be  located  near  the  place  of  utiliza- 
tion of  the  current.  In  such  circumstances,  the  distance  of  trans- 
mission is  the  only  thing  that  would  dictate  the  use  of  the  al- 
ternating current-direct  current  system. 
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The  possible  difference  between  calculated  and  actual  effi- 
ciencies was  mentioned.  The  efficiencies  of  the  various  classes  of 
apparatus  given  in  this  paper  represent  actual  operating  efficiencies, 
liberal  allowance  having  been  made  for  all  losses. 

Several  of  the  speakers  questioned  my  consistency  in  empha- 
sizing the  necessity  of  simplicity  and,  at  the  same  time,  advocating 
a  plant  involving  the  alternating-current  generator,  synchronous 
converter,  and  in  some  cases  transformers  and  the  synchronous 
booster.  This  position  is  entirely  consistent  and  I  believe  Mr. 
J.  B.  Herreshoff  will  bear  me  out  when  I  say  that  with  the  long 
experience  he  has  had  with  most  of  the  types  of  apparatus  dis- 
cussed, the  one  piece  of  apparatus  he  has  had  the  least  trouble 
with  has  been  the  synchronous  converter.  Obviously  an  alterna- 
ting-current generator  is  more  reliable,  more  efficient,  than  even  a 
low-speed  direct-current  generator. 

Mr.  Herreshoff  spoke  of  the  possibility  of  obtaining  to  a  certain 
extent  voltage  regulation  with  two  synchronous  converters  sup- 
plied from  one  alternating-current  generator, by  variation  in  power 
factor.  What  he  said  is  perfectly  true,  but  if  that  method  is 
contemplated,  it  must  be  taken  into  consideration  by  the  machine 
designer  and  properly  allowed  for,  because  a  slight  difference  in 
power  factor  will  mean  a  very  considerable  increase  in  local 
heating,  and  unless  the  converter  is  designed  for  that  condition,  it 
may  cause  a  bum-out  near  the  tap  coil. 

F.  W.  Harris  (by  letter) :  One  very  real  advantage  of  the  a-c. 
generator-sychronous  converter  plant  over  the  d-c.  generator 
plant  lies  in  the  fact  that  interchange  of  power  with  other  stations 
is  then  possible.  There  is  now  little  or  no  market  for  250-volt 
d-c.  current  even  in  the  cities  and  in  the  neighborhood  of  electroly- 
tic plants  there  is  none.  The  sale  of  excess  d-c.  power  is  there- 
fore not  practicable.  On  the  other  hand,  there  is  a  ready  market 
for  excess  a-c.  current  at  any  standard  frequency,  and  in  an 
emergency,  additional  power  can  often  be  bought.  There  are 
certain  seasons  when  power  commands  a  premium  and  the  fact 
that  the  power  produced  is  a  marketable  commodity  is  an  import- 
ant one. 
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PROTECTIVE  REACTANCE  IN  LARGE  POWER  STATIONS 


BY    JAMES    LYMAN,    ALLEN    M.     ROSSMAN    AND    LESLIE    L.    PERRY 


Abstract  of  Paper 

The  concentration  of  a  large  generating  capacity  on  the  bus- 
bars of  a  single  power  station  demands  protection  against  an  ex- 
cessive flow  of  current  into  an  accidental  fault.  Reactance  coils 
can  be  used  in  various  ways  to  limit  the  instantaneous  current 
flow.  Reactance  coils  in  the  generator  leads,  while  limiting  the 
flow  of  current  from  the  different  generators,  are  not  efficient  for 
limiting  the  current  flow  into  a  fault. 

Bus  reactances  are  less  bulky  and  less  expensive  than  gen- 
erator reactances;  are  more  efficient  in  controlling  the  current 
flow,  and  have  the  advantage  of  localizing  the  effect  of  a  fault  to 
one  or  more  sections  of  the  busbars.  They  have  the  disadvan- 
tage that,  under  normal  conditions  of  operation,  the  current  flow 
across  them  may  cause  an  undesirable  drop  in  voltage. 

The  ideal  system  of  bus  reactances  would  afford  maximum 
protection  to  service  and  equipment  in  emergencies  but,  under 
normal  operating  conditions,  would  give  minimum  voltage  dif- 
ference between  various  points  in  the  busbars.  The  straight  bus, 
the  ring  bus,  and  the  ring  and  transfer  bus  approach  this  ideal 
condition  in  the  order  named. 

Reactance  coils  in  each  feeder  circuit  are  extremely  effective 
in  limiting  the  flow  of  current  into  a  short  circuit  on  the  feeder 
and  in  isolating  the  effects  of  this  short  circuit  from  the  other 
parts  of  the  system. 

THE  PRESENT  tendency  in  power  generation  is  toward 
larger  central  stations  and  larger  units  and  consequent 
concentration  of  large  amounts  of  power  on  one  set  of  busbars. 
The  reasons  for  this  tendency  are,  the  smaller  total  capital 
investment  required,  the  lower  operating  expenses,  and  the  higher 
operating  efficiencies  obtained. 

That  the  concentration  of  a  large  amount  of  generating  ca- 
pacity on  one  set  of  busbars  can  give  rise  to  very  destructive 
effects,  in  cases  of  accidental  short  circuits  on  busbars  or  on 
feeders,  has  been  proved  by  the  experience  at  some  time  or  other 
of  many  of  the  larger  central  stations.  A  short  circuit  or  a 
ground  on  a  feeder,  the  failure  of  a  current  transformer,  the 
hanging  of  an  arc  at  a  fuse,  or  the  throwing  on  the  busbars  of 
a  generator  slightly  out  of  phase,  have  resulted  in  tearing  out 
generator  and  transformer  windings,  blowing  oil  switches  to 
pieces,  and  even  in  the  destruction  of  masonry  walls.     In  milder 
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cases  these  effects  are  shown  by  distortion  of  end  windings  on 
generators  and  transformers  and  by  oil  throwing,  or  tank  distor- 
tion, of  oil  switches. 

To  limit  the  flow  of  energy  into  faults,  reactance  coils  have 
been  employed  in  various  ways.  It  is  the  purpose  of  this  paper 
to  show  some  of  the  ways  in  which  these  reactances  may  be  em- 
ployed and  the  limits  of  economical  application  in  each  of  the 
systems  discussed. 

Various  Arrangements  of  Reactance  Coils 

The  reactance  which  is  inherent  in  the  design  of  all  a-c. 
generators  may  be  augmented  by  additional  reactance  coils  lo- 
cated as  follows: 

a.  In  the  generator  leads. 

b.  In  tie  lines  between  different  power  stations. 

c.  Between  different  sections  of  the  station  busbars. 

d.  In  the  station  busbars  between  adjacent    generator   con- 

nections. 

e.  Combinations  of  any  of  the  above  systems. 

f.  In  feeder  circiuts. 

Generator  Reactance — Inherent  or  External 

Reactance  inherent  in  the  design,  or  reactance  coils  in  the 
external  leads,  of  generators,  afford  protection  to  the  armature 
windings  by  limiting  the  amount  of  current  that  can  flow  through 
these  wiitdings,  in  the  case  of  a  short  circuit  on  the  busbars  or 
feeders.  The  amount  of  instantaneous  current  flow  varies, 
approximately,  inversely  as  the  total  amount  of  the  reactance. 

The  amount  of  current  which  can  flow  into  a  short  circuit  is 
limited  by  the  amount  which  can  flow  from  the  generators.  These 
reactances  are  therefore  useful  in  limiting  the  total  amount  of 
current  flow  into  a  short  circuit  and  the  resultant  destructive 
effects  at  this  point. 

There  are  two  objections  to  the  use  of  large  reactance  coils 
in  the  generator  leads  for  limiting  the  total  kv-a.  which  can  flow 
into  a  short  circuit  on  a  very  large  system.  The  first  of 
these  is  that,  from  the  nature  of  their  location,  they  must  be 
designed  to  carry  the  entire  current  output  of  the  generators 
and  hence  their  kv-a.  ratings  are  high  and  they  become  expensive 
and    bulky. 

The  second  objection  is,  that  a  short  circuit  on  any  section  of 
the  busbars  will  cause  a  drop  in  voltage  at  all  points  on  the 
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btisbars  of  approximately  the  same  degree,  and  the  service  on 
all  feeders  distributing  from  this  station  will  suffer  in  conse- 
quence. 

It  therefore  appears  that  the  most  important  function  of 
reactance  coils  in  the  generator  leads  is  to  protect  the  generator 

windings. 

Sbctionalizing  Rbactancbs 

Reactance  coils  may  be  placed  in  tie  lines  between  stations, 
in  the  busbars  between  different  sections  of  the  same  station, 
or  even  in  the  busbars  between  adjacent  generating  units  con- 
nected to  the  busbars.  The  function  of  these  sectionalizing 
reactances  is  to  permit  the  parallel  operation  of,  and  the  free 
exchange  of  cturent  between,  different  parts  of  the  system,  and 
at  the  same  time  limit  the  amount  of  cvurent  which  wotdd  other- 
wise flow  from  all  sections  into  a  short  circuit  on  any  one  section. 
If  reactance  coils  are  suitably  selected,  it  is  possible  so  to  confine 
a  fault  to  the  section  in  which  it  originates,  that  adjacent  sections 
are  not  seriously  affected  and  hence  service  is  impaired  only  on 
that  section  in  which  the  fault  originates. 

Reactance  coils  for  this  service  are,  as  a  rule,  not  designed  to 
carry  the  ftdl  current  generated,  and  are  therefore  less  expensive 
and  less  bulky  than  those  placed  in  the  generator  leads. 

Where  considerable  power  must  be  transmitted  over  these 
reactance  coils,  the  amount  of  reactance  that  can  be  employed 
is  limited  by  the  permissible  voltage  drop  across  them.  For 
instance,  in  a  large  station,  during  periods  of  light  load,  it  will 
be  desirable  to  carry  the  entire  load  on  one  or  two  generators 
and  distribute  from  feeders  all  along  the  bus.  If  the  running 
generators  are  at  one  end  of  the  busbars  and  if  the  power  distri- 
buted from  the  other  end  of  the  busbars  must  pass  over  several 
sectionalizing  reactance  coils,  there  may  be,  in  the  case  of  large 
reactances  and  low  power  factor,  a  considerable  voltage  drop 
across  these  reactances  and  a  resulting  difference  in  voltage 
between  the  two  ends  of  the  busbars. 

It  is  obvious  from  the  above  that  the  best  results  will  be  ob- 
tained from  a  judicious  combination  of  generator  reactances  to 
protect  the  machines,  and  sectionalizing  reactances  to  protect  the 

service. 

Busbar  Systems 

In  laying  out  the  busbar  system  for  a  large  new  power  station 
the  designing  engineer  should  therefore  consider,  in  addition  to 
safety,  simplicity,  and  flexibility,  the  adaptability  of  the  system 
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to  the  installation  of  sectionalizing  reactance  coils.  Some  of 
the  more  common  systems  of  arranging  busbars  are  shown  dia- 
grammatically  in  Fig.  1.    These  are: 

a.  Single  straight  bus. 

b.  Double  straight  bus. 

c.  Single  ring  bus. 

d.  Double  ring  bus, 

e.  Single  straight  bus  and  direct  feed. 

f.  Single  ring  and  single  straight  bus. 


!-LiNE  Diagrams  of  Typical  Svstehb  of  Connection 


Analysis  of  Applications  of  Reactance  Coils 
For  analyzing  the  effects  of  reactance  coils  as  outlined  above 
a  power  station  of  nine  (9)  generators  has  been  assumed.  It  is 
further  assumed  that  these  generators  are  of  the  same  size  and 
dedgn  and  that  each  one  has  10  per  cent  inherent  reactance. 
Based  on  these  assumptions,  a  series  of  curves  has  been  plotted 
to  show  the  effect  of  variations  in  the  size  and  location  of  the 
reactance  coils. 

In  a  large  station,  when  all  of  the  generating  units  are  not  in 
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operation,  it  is  ustially  desirable  from  the  boiler  room  and 
coal  handling  point  of  view,  to  operate  adjacent  machines,  and, 
with  a  few  exceptions  that  are  specially  noted,  the  curves  are 
based  on  such  operation.  It  is  further  assumed  that  the  power 
is  evenly  distributed  from  the  different  sections  of  the  bus- 
bars. 

Where  kv-a.  values  are  given  they  are  based  on  an  assumed 
rating  of  25,000  kv-a.  for  each  generator;  the  curves  and  all 
other  values  are  general,  as  far  as  kv-a.  rating  is  concerned,  and 
can  be  applied  to  generators  of  any  rating.  All  reactance  ratings, 
except  feeder  reactances,  are  given  in  the  percentage  reactive 
voltage  drop  that  would  occur  if  the  rated  current  of  one  genera- 
tor were  passed  through  them. 

For  the  sake  of  brevity,  the  computations  used  in  deriving  the 
curves  have  been  omitted.  The  methods  of  derivation  are, 
however,  exceedingly  simple  and  for  the  benefit  of  those  who 
wish  to  verify  the  curves,  typical  computations  are  given  in 
an  appendix. 

Reactance  in  Generator  Leads 

Fig.  2  shows  the  relation  between  per  cent  reactance  in  gener- 
ator leads  and  short-circuit  current  on  the  busbars,  for  different 
assumed  values  of  reactances,  with  1  to  9  generators  connected 
to  the  busbars. 

These  curves  show  that  the  first  few  per  cent  of  reactance 
added  are  much  more  effective  in  reducing  the  short-circuit 
current  than  are  subsequent  additions.  Starting  with  the  in- 
herent reactance,  only,  of  the  generators,  the  addition  of  5  per 
cent  external  reactance  reduces  the  short-circuit  ciurent  by  33  i 
per  cent;  the  second  5  per  cent  reactance  reduces  it  by  16|  per 
cent;  the  third  5  per  cent  reactance  reduces  it  by  10  per  cent; 
the  fourth  5  per  cent  reactance  by  6 J  per  cent,  etc.,  until  the 
effect  of  further  additions  becomes  infinitesimal. 

With  nine  25,000-kv-a.  generators  in  operation  it  will  be 
noted  that  each  generator  requires  20  per  cent  reactance  in  its 
leads,  a  total  of  45,000  kv-a.,  to  limit  the  current  flow  to  30 
times  the  rated  current  of  one  generator,  or  to  750,000  kv-a., 
based  on  actual  current  flow  and  normal  voltage  of  the  system. 
The  value  750,000  kv-a.  has  been  selected  as  a  limiting  value 
because  it  approaches  the  maximum  rupturing  capacity  specified 
by  one  or  two  of  the  large  manufacturers  for  the  heaviest  duty 
oil  switches  now  on  the  market. 
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Reactance  in  Busbars — Single  or  Double   Straight   Bus 
Figs.  3,  4,  and  5,  show  the  relation  between  per  cent  reactance 
in  busbars  and  short-circuit  current  on  the  busbars,   assuming 
nine  generators  running.     Each  figure  shows  four  curves: 

Curves  (a)  and  {b)  assume  a  fault  developing  in  the  center  of 
the  busbars,  while  (c)  and  (d)  assume  a  fault  at  the  end  of  bus- 
bars. 


Curves  (6)  and  (rf)  apply  to  a  single  straight  bus,  while 
curves  (o)  and  (c)  apply  to  a  double  straight  bus. 

Fig.  3  covers  reactance  in  busbars  between  groups  of  three 
generators  per  group. 

Fig.  4  covers  reactance  in  busbars  between  groups  of  two  gen- 
erators per  group,  and  in  this  case  the  number  of  generators  has 
been  increased  to  ten  to  obtain  a  symmetrical  arrangement. 

Fig.  5  covers  reactance  in  busbars  between    the    indi^Hdual 
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With  double  busbars  there  are  required  twice  as  many  re- 
actance units  as  with  single  busbars,  but  inasmuch  as  with  the 
double  bus  each  reactance  carries  but  one-half  the  current  carried 
by  each  reactance  in  the  single  bus,  the  total  kv-a.  required  will 
be  the  same  in  either  case. 
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Comparing  similar  curves  in  Figs.  3  and  5,  it  will  be  seen  that 
a  given  total  per  cent  in  reactance  has  a  greater  choking  effect 
when  distributed  between  adjacent  generators  than  when  more 
concentrated  by  placing  between  groups  of  three  generators 
per  group,  and  that  this  difference  increases  as  the  amount  of 
reactance  is  increased.     For  example: 
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Comparing  the  (ft)  curves,  16  per  cent  total  reactance  divided 
into  two  units  of  8  per  cent  each  will  prevent  the  current  from 
exceeding  48  times  normal  rated  current  of  one  generator,  while 
this  same  reactance  divided  into  eight  units  of  2  per  cent  each* 
will  limit  the  current  to  44.5  times.     Likewise  32  per  cent  re- 
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Fig.  4 

actance  in  two  units  of  16  per  cent  each,  limits  the  current  to 
40,5  times,  while  in  eight  units  of  4  per  cent  each  it  will  limit  the 
current  to  33  times.  60  per  cent  reactance  in  two  units  of  30 
per  cent  each  limits  the  current  to  36  times,  while  in  eight  units 
of  71  per  cent  each  it  will  limit  the  current  to  25.5  times. 
Considering  again  the  case  of  the   nine  25,000-kv-a.   gensra- 
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tors  in  which  the  short-circuit  current  is  limited  to  30  times  the 
normal  rated  current  of  one  generator,  and  assuming  all  reactance 
coils  to  have  one-half  the  current  carrying  capacity  of  the  gen- 
erators, and  remembering  that  the  kv-a.  reactance  rating  varies 
as  the  square  of  the  current,  it  will  be  seen  that  under  the  worst 
condition  of  short  circuit  ((o)  curves)  with  reactances  between 
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groups  of  three  generators,  infinite  reactance  would  be  required; 
with  reactances  between  groups  of  two  generators  the  reactance 
,25,000       ,ann» 


require<l  is  0M2  X  8  X 


vith  reactances 


between     adjacent     generators     the     reactance     required     is 
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There  is  another  advantage  to  be  gained  by  placing  reactances 
between  adjacent  generators,  namely;  in  case  of  a  short  circuit 
the  full  effect  of  the  so-called  "  hammer  blow  "  is  felt  by  but  one 
generator — the  one  on  the  same  section  with  the  short  circuit — 
while  all  other  generators  are  more  or  less  isolated  from  this 
trouble  by  one  or  more  sets  of  reactance  coils. 

Reactance    in    Busbars — Single    or    Double    Ring    Bus 

By  t)ring  together  the  ends  of  the  busbars  shown  in  diagram 
Fig.  5,  and  inserting  reactance  coils  at  the  point  of  joining, 
we  obtain  a  ring  bus  and  gain  the  advantages  that  we  would 
get  by  always  operating  the  middle  group  of  generators  on  a 
straight  bus.     Three  important  advantages  gained,  are: 

1.  Because  of  the  two  paths  to  any  section  of  the  busbars, 
the  ctirrent  carrying  capacity  of  the  reactances  can  be  halved 
and  consequently  the  kv-a.  rating  can  be  quartered. 

2.  A  given  current  in  traveling  between  the  two  most  remote 
points  on  the  busbars  passes  over  one-half  the  number  of  re- 
actances that  it  would  encounter  in  traveling  from  end  to  end 
of  the  straight  bus,  and  therefore  the  voltage  drop  is  cut  in 
half. 

3.  It  is  possible  to  cut  out  any  section  of  the  busbars  without 
in  any  way  interfering  with  the  parallel  operation  of  the  re- 
maining portion  of  the  busbars. 

It  is  obvious  from  an  examination  of  the  connection  diagrams 
in  Fig.  3,  4,  and  5,  that  the  short-circuit  currents  for  any  point 
on  the  single  or  double  ring  bus  are  shown  by  curves  (a)  and 
{b)  on  these  sheets. 

Voltage  Difference  along  Busbars 

It  was  pre\'iously  stated  that  with  heavy  sectionalizing  react- 
ance coils  in  the  busbars  it  is  possible,  under  certain  conditions 
of  operation,  to  get  an  objectionable  difference  in  voltage  along 
the  busbars. 

Fig.  6  is  plotted  to  show  the  maximum  voltage  difference  and 
the  maximum  angular  difference  of  voltage  that  will  exist  along 
the  busbars  with  a  double  ring  bus  and  12  per  cent  reactance 
between  adjacent  generator  sections  in  each  bus,  with  one  to 
nine  generators  running  at  a  power  factor  between  1.0  and  0.8 
lagging,  and  an  even  distribution  of  load  along  the  busbars. 
It  will  be  noted  that  a  maximum  voltage  difference  of  9.9  per 
cent  can  exist  with  four  or  five  machines  running  at  0.8  power 
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factor,  and  a  maximum  angular  difference  of  8.75  degrees 
can  exist  with  the  same  number  of  machines  running  at  unity 
power  factor. 

Crossed  Gbnbrator  Leads 

Pig.  7  differs  from  Fig.  6  in  that  adjacent  generator  leads  do 

not  go  to  adjacent  sections  of  the  busbars  but  are  cross-connected 
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in  such  a  manner  as  to  give  minimum  voltage  difference  along 
the  busbars  when  operating  adjacent  generators.  The  order 
of  connecting  to  the  busbars  is  shown  by  the  diagram  of  con- 
nections in  Fig.  7.  It  will  be  noticed  that  wth  this  arrangement 
of  leads  the  maximum  voltage  difference  along  the  bus  is  mater- 
ially reduced;  the  maximum  point  on  Fij;.  7  being  4.2  per  cent 
as  against  9.9  per  cent  on  Fig.  6.     An  inspection  of  the  diagram 
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also  shows  that  the  short-circuit  curves  shown  by  (a)  and  (ft) 
on  Fig.  5  also  hold  for  this  case  of  cross-connected  generator 
leads. 

This  arrangement  of  generator  leads  has  certain  disadvantages, 
the  chief  of  which  is  that  some  of  the  leads  of  the  older  generators 
have  to  be  chained  to  different  locations  on  the  busbars  as  the 
station  is  extended  and  new  units  are  added. 

Also,  it  is  undesirable  to  have  long  longitudinal  runs  and  sev- 
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eral  crossings  of  generator  leads;  these  runs  should  be  as  short 
and  direct  as  possible. 


Protection  versus  Regulation 
The  curves  have  shown  that  with  reactance  coils  permanently 
connected  in  the  busbars,  the  larger  the  reactance  the  better 
the  protection  against  short  circuits.  On  the  other  hand,  the 
larger  the  reactance  the  worse  the  voltage  regulation  along  the 
busbars.  It  is  therefore  evident  that  it  would  be  desirable  to 
adopt  some  method  of  shunting  the  reactance  coils  when  they 
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are  not  needed  for  protection.  The  most  direct  way  of  accom- 
plishing this  woiild  be  to  short-circuit  the  reactances.  This 
introduces  an  oil  switch  for  each  set  of  reactance  coils. 

Ring  and  Transfer  Bus 

A  simple  method  of  shunting  reactance  coils  when  they  are  not 
needed  is  by  the  use  of  a  ring  and  transfer  bus.  The  connections  of 
this  system  for  one  to  nine  adjacent  generators  running,  to- 
gether with  the  direction  and  amount  of  the  current  flow  in  each 
path,  on  the  assumption  that  the  load  is  evenly  distributed  along 
the  bus,  are  shown  in  Fig.  8. 

The  main  bus  is  a  ring  bus  provided  with  reactances  between 
adjacent  generator  sections,  while  the  transfer  bus  may  be 
either  a  straight  or  a  ring  bus  and  is  without  reactances. 

With  this  system  of  connections,  the  middle  one  of  the  running 
generators  is  connected  to  both  main  and  transfer  buses,  while 
all  other  running  generators  are  connected  to  the  main  bus  only. 
A  simple  system  of  interlocks  can  be  provided  between  generator 
oil  switches  to  prevent  more  than  one  generator  at  a  time  from 
being  connected  to  the  transfer  bus.  On  every  bus  section  the 
oil  switches  connecting  the  generators  to  the  main  bus  should 
be  interlocked  with  the  oil  switches  connecting  the  feeders  to 
the  transfer  bus  so  that  it  will  not  be  possible  for  the  operator 
to  shunt  the  reactances  when  they  should  be  in  service. 

Fig.  9  is  plotted  to  show  the  maximum  short-circuit  currents 
obtainable  on  the  busbars  with  the  ring  and  transfer  bus  operated 
as  outlined  above,  with  12  per  cent,  8  per  cent  and  6  per  cent 
reactances  respectively  between  adjacent  generator  sections  in 
the  ring  bus,  with  one  to  nine  adjacent  generators  running. 

From  Fig.  9  it  will  be  seen  that  the  maximum  short-circuit 
current  occtirs  with  eight  machines  in  service.  With  12  per  cent 
bus  reactances  this  current  may  reach  30.8  times  the  normal 
rated  current  of  one  generator.  These  curves  show  that  the 
short-circuit  current  is  less  with  nine  machines  running  than  with 
four,  five,  six,  seven,  or  eight  machines  running.  The  reason 
for  this  is,  that  in  the  latter  cases  there  are  two  parallel  paths 
between  some  portions  of  the  system,  while  with  nine  generators 
there  is  but  one  path. 

Fig.  10  is  plotted  to  show  the  maximum  voltage  difference 
that  will  exist  along  the  busbars  with  the  ring  and  transfer  bus 
operated  as  outlined  above,  with  12  per  cent,  8  per  cent  and  6 
per  cent  reactances,  respectively,  between  adjacent  generator 
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sections  in  the  ring  bus,  assuming  one  to  nine  adjacent  generators 
operating  at  1.0  to  0.8  lagging  power  factor  and  an  even  distri- 
bution of  load  along  the  busbars. 


From  Fig.  10  it  will  be  seen  that  the  maximum  voltage  drop 
occurs  with  six  generators  running,  but  that  this  is  considerably 
less  with  a  larger  or  a  smaller  number  of  generators  in  service. 
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With  12  per  cent  bus  reactances,  the  maximum  voltage  difference 
along  the  busbars  under  the  conditions  specified  is  5  per  cent. 

If  other  than  adjacent  generators  are  operated  it  is  possible 
with  a  given  bus  reactance  to  obtain  higher  values  of  short-cir- 
CTiit  currents  than  are  shown  in  Fig.  9  and  lower  maximum  volt- 
age drops  than  are  shown  in  Fig.  10. 

Fig.  11  is  plotted  to  show  the  values  of  short-circuit  current 
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that  would  be  obtained  if  the  generators  were  so  selected  as 
to  give  the  maximum  possible  values,  with  bus  reactances  chosen 
at  6,  8,  12,  20,  and  30  per  cent,  respectively.  With  12  per  cent 
reactance  it  will  be  noted  that  the  short-circuit  current  may 
reach  nearly  38  times  the  normal  rated  current  of  one  generator. 
The  reason  for  the  higher  values  of  short-circuit  current  in  this 
case  is  that  there  are  several  parallel  circuits  between  the  ring 
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and  the  transfer  bt:s,  so  arranged  as  to  give  the  path  of  least 
reactance  between  these  buses. 

Obviously  this  method  of  operation  is  abnormal  and  the  curves 
of  voltage  drop  are  therefore  not  of  special  interest. 
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Pig.  10 

Current-Carrying  Capacity  of  Reactances 

It  wasjstated  above  that  reactance  coils  in  generator  leads 

must  be  designed  to  carry  the  normal  rated  generator  current. 

It  was  shown  that  in  the  ring  bus  the  bus  reactances  might  be 
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of  one-half  the  current-carrying  capacity  of  the  reactances  used 
on  the  straight  bus. 

Fig.  8  shows  that  with  any  number  of  adjacent  generators 
in  operation  at  their  normal  rated  loads  and  the  station  load 
evenly  distributed  from  the  different  sections  of  the  bi^bars, 
the  maximum  current  flow  across  any  bus  reactance  coil  is  5/9 
the  normal  rated  current  of  one  generator. 
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The  proper  current-carrying  capacity  for  any  other   system 
may  be  found  by  constructing  diagrams  similar  to  those  of  Fig. 8. 

Comparison  of  Systems — Tabulation 

The  accompanying  tabulation  shows  the  number,  size,  and 

effect  on  voltage  regulation  of  reactances  used  on  each  of  the 

systems  discussed  in  this  paper,  based  on  a  limiting  short-cir- 
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cuit  current  of  approximately  thirty  times  the  normal  rated 
current  of  one  generator. 

The  ring  bus  with  crossed  generator  leads  as  per  diagram  Fig. 
7,  requires  the  least  reactance  and  gives  the  lowest  voltage 
drop  along  the  busbars. 

The  ring  and  transfer  bus  requires  60  per  cent  of  the  reactance 
required  by  the  ring  bus  with  direct  generator  connections^ 
and  18i  per  cent  of  that  required  for  inserting  in  the  generator 
leads. 

Under  normal  conditions  of  operation  at  0.8  lagging  power 
factor  with  any  number  of  adjacent  generators  running,  and  load 
evenly  distributed  from  the  different  bus  sections,  there  is  no 
difference  of  potential  along  the  busbars  when  the  reactances  are 
in  the  generator  leads  only;  4.2  per  cent  maximum  difference 
when  the  ring  bus  is  used  and  the  generator  leads  are  crossed ; 
5  per  cent  maximum  difference  when  the  ring  and  transfer  bus 
is  used  and  the  generator  leads  are  direct. 

Ring   and   Transpbr    Bus   with    Crossed    Generator 

Connections 

The  two  systems  which  have  shown  the  most  economical  ap- 
plication of  reactances  to  limit  the  flow  of  short-circuit  current 
and  at  the  same  time  have  given  the  lowest  voltage  drop  along 
the  busbars  under  the  conditions  stated,  have  been  the  ring  bus 
with  the  generator  leads  crossed  and  the  ring  and  transfer  bus. 
It  would  therefore  appear  that  a  combination  of  these  two  sys- 
tems, in  which  generators  1,  2,  3,  4,  5,  6,  etc.,  are  connected  to 
sections  1,  3,  5,  7,  9,  2,  etc.,  would  give  still  better  results. 

By  consulting  Fig.  11  it  will  be  seen  that  with  only  five  gen- 
erators running,  each  bus  reactance  must  be  designed  to  give 
20  per  cent  reactive  volts.  Under  the  conditions  of  operation 
assumed,  each  reactance  should  be  designed  to  carry  0.389  times 
the  normal  rated  current  of  one  generator.  This  amounts  to 
27.2  total  per  cent  reactance  based  on  rating  of  one  generator 
=  100  per  cent.  This  is  greater  than  the  20  per  cent  shown  by 
the  simpler  ring  bus  with  crossed  generator  leads.  Moreover, 
it  can  be  easily  shown  that  the  voltage  difference  along  busbars 
for  the  assimied  conditions  is  not  improved  by  this  connection. 
This  sjTStem  can  therefore  be  dropped  from  further  consideration. 

Feeder  Reactances 

As  grounds  and  short  circuits  are  more  commonly  experienced 
on  feeders  outside  the  power  station  than  on  the  busbars  inside 
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the  power  station,  an  additional  protection  to  service  and  ap- 
paratus is  afforded  by  placing  reactance  coils  in  the  circuit  of 
each  feeder  connected  to  the  busbars. 

As  has  been  previously  shown,  reactance  in  the  busbars  tends 
to  confine  the  effect  of  short  circuits  to  the  section  of  bus  on 
which  they  occur.  By  placing  reactance  coils  in  the  feeders  we 
place  an  additional  barrier  between  the  source  of  trouble  on 
the  feeder  and  the  section  of  busbars  to  which  this  feeder  is 
connected.  This  point  will  perhaps  be  best  illustrated  by  con- 
sidering the  case  of  a  short  circuit  on  a  feeder  just  outside  the 
power  station  and  determining  the  effect  of  this  short  circuit 
on  various  sections  of  the  busbars  both  with  and  without  feeder 
reactances.  For  this  example  assume  nine  25,000-kv-a.  genera- 
tors in  service  on  the  ring  and  transfer  bus  system  (which  with 
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Diagram  showing  maximum  amount  and  direction  of  flow  of  current  in  all  parts  of  the 
system  where  feeder  reactances  are  not  used,  assuming  a  short  circuit  on  any  feeder. 

Type  of  Bus:     Ring  and  transfer. 

Reactance  coils  located  between  adjacent  generator  connections  in  the  ring  bus  only. 

Rating  of  each  set  of  bus  reactance  coils  —  12  per  cent  (based  on  normal  rated  current 
of  one  generator) 

Inherent  reactance   of  each  generator  =10  per   cent. 

External   reactance  in  each  set  of  generator  leads  ■■  0. 

Number  of  generators  running  «  0. 

Fig.  12 


nine  generators  becomes  a  pure  ring  connection),  12  per  cent 
reactance  between  each  generator  and  a  short  circuit  on  any 
feeder. 

Fig.  12  shows  the  direction  of  flow  and  the  amount  of  current 
in  each  set  of  generator  leads  and  on  each  section  of  busbars 
where  feeder  reactances  are  not  used. 

Fig.  13  shows  similar  results  where  each  feeder  is  provided 
with  3  per  cent  reactance  based  on  a  normal  rating  of  5000 
kv-a. 

A  comparison  of  Figs.  12  and  13  shows  that  the  addition  of 
the  feeder  reactance  has  reduced  the  short-circuit  current  into 
a  feeder  from  20.8  times  to  5.05  times  the  normal  rated  current 
of  one  generator;  i.e.,  to  less  than  J  of  its  former  value.  The  cur- 
rent flowing  from  each  generator  and  in  every  part  of  the  busbars 
is  also  reduced  to  1/4  of  its  former  value. 
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It  is  obvious  fromFig.  13  that,  with  the  relatively  small  amount 
of  current  flowing  into  a  feeder  short  circuit,  and  the  relatively 
small  amount  of  this  current  which  flows  from  bus  sections  ad- 
jacent to  the  fault,  the  disturbance  in  voltage  on  the  system 
will  be  local  only.  On  the  section  of  the  busbars  to  which  the 
faulty  feeder  is  connected,  the  drop  in  voltage  will  be  only  about 
25  per  cent.  At  0.8  power  factor,  5000  kv-a.  flowing  over  3 
per  cent  reactance  will  give  a  voltage  drop  of  approximately 
1.9  per  cent. 

General  Comments 

The  question  naturally  arises,  what  effect  will  a  voltage  differ- 
ence along  the  busbars  have  on  the  service  of  the  system? 

On  a  power  system,  the  feeders  of  which  go  direct  to  light 
andpowerdistributing  transformers,  it  is  desirable  that  the  voltage 
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on  the  busbars  be  as  nearly  constant  as  possible.  When  the 
voltage  drop  between  the  busbars  and  the  center  of  distribution 
is  large,  it  is  usually  taken  care  of  by  placing  feeder  regulators 
in  the  feeder  circuit  at  the  power  station  end  and  boosting  the 
voltage  of  the  feeder  by  an  amount  equal  to  the  drop.  This 
system  of  distribution  is  not  adapted  to  handling  economically 
the  output  of  very  large  power  systems  and  therefore  does  not 
call  for  the  extensive  application  of  reactance  coils. 

On  power  systems  such  as  exist  in  most  of  our  largest  cities, 
it  is  customary  to  first  transmit  the  power,  at  voltages  ranging 
from  6600  volts  to  22,000  volts,  to  substations  conveniently 
located,  transform  to  a  lower  voltage  at  the  substations,  and  then 
distribute.  Because  of  the  greater  distances  of  transmission, 
^nd  the  double  transformation  between  the  power  station  and  the 
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customers'  premises,  feeder  regulators  are  practically  necessary 
on  the  distribution  feeders  leaving  the  substations.  Any  differ- 
ence in  voltage  on  the  busbars  will  be  equalized  by  these  regula- 
tors before  the  power  is  delivered  to  the  customers'  premises. 
In  this  country  the  feeders  between  the  largest  power  stations 
and  substations  are  usually  operated  as  radial  feeders,  that  is,  are 
not  tied  together  at  the  substation  end.  This  condition  of 
operation  is  assvmied  in  this  paper.  If  feeders  were  paralleled 
at  the  substations,  there  would  be  two  tendencies: 

1.  A  tendency  to  shunt  the  bus  section  reactances;  and 

2.  A  tendency  for  a  feeder  from  the  section  of  the  busbars 
having  the  higher  voltage  to  carry  more  current  than  a  feeder  con- 
nected to  a  section  of  lower  voltage.  A  discussion  of  these  in- 
teresting features,  is,  however,  beyond  the  scope  of  this  paper. 

APPENDIX 

The  points  for  plotting  the  curves  of  Fig.  2  were  obtained  by 
the  following  formula: 

100%  X  number  of  generators _    ,Vi  r+    * 

%  inherent  reactance  +  %  external  reactance 

current  expressed  in  times  normal  rated  current  of  one  generator. 
The  points  for  plotting  the  curves  of  Figs.  3,  4,  5,  9  and  11 
and  the  values  shown  on  Figs.  12  and  13  were  obtained  by  the 
following^typical  method: 
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12<BU8  REACTANCES 

Consider  first  a  fault  at  A . 

Assume  7i  =  1.  This  current  flows  over  reactances  a  without 
additions  or  subtractions  and  therefore 

/2    =    /l 

/,  X  10  =  (7i  X  10)  +  (h  X  12),  or  /,  =  2.2 

/4  =  /s  +  /2  =  3.2 

/»  X  10  =  (7,  X  10)  +  (74  X  12),  or  7j  =  6.04 

With  fault  at  A  we  know  that  generator  3  with  10  per  cent 
inherent  reactance  will  give   10  times  normal  rated  current. 

Therefore,  raising  all  the  current  values  by  the  ratio  of  10/6.04 
and  noting  that  from  symmetry,  the  current  over  reactance 
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c  is  the  same  as  that  over  reactance  ft,  we  get  the  short-circuit 

current  at  i4  =  ^-^  [(2X3.2)  +  6.04]  =  20.6  times  normal  rated 

current  of  one  generator. 

Following  the  same  process  we  get  /§  =  48.7696,  but  knowing 
1%  =  10  times  normal  rated  current  of  one  generator,  the  actual 

short-circuit  current  at  5  =  (48.7696  +  26.368)  =  15.4 

times  normal  rated  current  of  one  generator. 

The  current  flowing  in  the  various  portions  of  the  busbars  as 
shown  in  Fig.  8,  is  obtained  by  finding  points  on  the  ring  bus 
from  which  there  are  two  symmetrical  paths  of  equal  reactance 
to  the  transfer  bus,  and  considering  that  the  current  not  sent 
out  direct  from  the  generators  over  the  feeders  follows  these 
paths  to  the  transfer  bus. 

The  curves  of  Figs.  6,  7  and  10,  are  obtained  by  first  drawing 
the  diagrams  and  obtaining  the  current  values  as  shown  by  Fig. 
8.  From  these  diagrams  are  found  in  each  case  the  maximum 
value  oil,  I  Xy  between  any  two  feeding  points  on  the  busbars . 
For  example,  referring  to  Fig.  8,  with  six  machines  running  the 

15  4  5  6 

maximum    Z  I  X  =  ~q"~^  +  -q     X  =  -^X.     By  referring  to 

y  y  y  ' 

the  other  eight  diagrams  in  this  figure  it  will  be  seen  that  Z  I X 
is  maximimi  with  six  machines  running.  The  voltage  difference 
and  the  degrees  angular  displacement  between  voltages  are  then 
found  by  the  following  diagram: 


100 
MAX.   DE0REE3  ANGULAR  DIFFERENCE  BETWEEN  VOLTAGES 


A  very  slight  error  is  introduced  by  considering  Z  I  X  a,  straight 
line,  because,  in  reality,  each  component  has  a  slight  angular 
displacement  from  every  other  component.  The  effect  of  this 
error  on  the  curves  is,  however,  unappreciable. 


46  PROTECTI VE  REA  CTA  NCE  [Feb.  25 

Discussion  on  "  Protective  Reactance  in  Large  Power 
Stations  *'  (Lyman,  Rossman  and  Perry),  New  York, 
February  25,  1914. 

Philip  Torchio:  The  authors  have  assumed  that  the  gener- 
ators have  10  per  cent  internal  reactance,  and  some  of  the  curves 
have  been  figured  on  that  percentage.  Although  there  may 
be  modem  machines  that  are  being  designed  with  the  object 
of  high  internal  reactance  in  view  whiqh  have  an  internal  re- 
actance as  high  as  stated,  the  great  majority,  or  practically  all 
of  the  machines  in  central  stations  at  the  present  time,  have 
internal  reactance  considerably  smaller  than  10  per  cent. 
On  25-cyHe  machines  the  internal  reactance  will  be  5  per  cent 
or  less.  In  such  cases  if  you  had  assumed  5  per  cent  internal 
generator  reactance,  the  figures  and  curves  presented  would 
have  been  considerably  different  and  would  have  shown  that 
there  is  little  gain  in  installing  bus  reactances  in  excess  of  12 
to  15  per  cent. 

This  large  amount  of  reactance  in  bus  sections  is  somewhat 
of  an  objection  in  most  of  the  conditions  where  you  have  the 
feeders  radiating  from  the  different  sections  of  busbars  into 
substations  and  being  multiplied  in  the  substations,  since  these 
parallel  feeders  form  a  shunt  to  the  reactance.  If  you  have 
three  sections  of  busbars  divided  by  20  per  cent  reactances, 
and  feeders  from  these  buses  paralleled  on  substation  buses, 
if  you  have  trouble  on  one  section,  the  protection  that  you  get 
from  this  20  per  cent  reactance  is  minimized  by  the  impedance 
of  the  shunting  of  these  feeders,  and  the  effectiveness  of  these 
high  reactances  will  be  reduced  to  12  to  15  per  cent. 

The  authors  point  out  the  difficulties  of  having  these  react- 
ances too  high  on  account  of  having  a  phase  displacement 
across  the  reactance  which  is  shunted  by  feeder  circuits  and  caus- 
ing currents  to  flow  through  these  by-paths.  I  do  not  think 
the  papef  covers  fully  the  size  of  the  reactances  required,  as  they 
consider  the  bus  reactances  capable  of  carrying  full-load  current 
of  one  generator  only,  and  the  per  cent  rating  is  made  on  that 
basis;  at  least,  that  has  been  the  practise  followed  by  a  number 
of  engineers.  I  think  it  is  a  mistake  to  put  in  a  reactance  in 
the  busbar  that  has  less  current-carrying  capacity  than  the 
capacity  of  the  switch  which  you  put  in  for  that  connection. 
That  is,  if  you  put  in  a  1200-ampere  switch  to  connect  the  bus- 
bars, the  reactance  which  is  in  series  with  the  switch  shotdd 
have  a  continuous  carrying  capacity  of  1200  amperes. 

I  think  the  two  points  I  make  would  tend  to  bring  about  a 
rather  small  reactance  per  section,  that  is,  the  per  cent  react- 
ance, rated  in  the  function  of  the  carrying  capacity  to  the  switch, 
which  I  imagine  usually  is  determined  by  the  amount  of  maxi- 
mum power  you  expect  to  transmit  on  that  line  from  one  sec- 
tion to  another. 


19141  DISCUSSION  AT  NEW  YORK  47 

I  regret  that  the  paper  does  not  cover  the  field  of  feeder  re- 
actances as  fully  as  the  busbar  reactance,  although  it  has  been 
mentioned  to  some  extent.  It  would  have  been  quite  an  ad- 
dition to  have  a  complete  treatment  of  the  feeder  reactance, 
which  is,  I  think,  one  of  the  greatest  mediums  for  securing 
protection  of  our  high-tension  systems. 

W.  S.  Moody:  The  principal  requirement  of  such  reactance 
is  that  it  shall  be  extremely  safe  and  substantial.  It  is  put  in 
to  protect  at  times  of  extreme  trouble,  and  unless  it  is  absolutely 
able  to  handle  trouble  within  itself  at  such  times,  then  perhaps 
it  had  better  not  be  there  at  all.  The  heiavy  forces  that  have 
to  be  taken  care  of  in  the  magnetic  strains  and  the  tremendous 
amount  of  power  that  has  to  be  absorbed  momentarily,  all 
require  the  greatest  rigidity  and  the  greatest  simplicity,  and 
unusual  factors  of  safety  in  every  respect,  in  such  a  device. 

With  reference  to  the  use  of  reactances,  rather  than  the  devices 
themselves,  it  seems  to  me  there  are  two  broad  considerations 
that  we  want  to  remember.  One  is  that  all  power  these  days 
is  distributed  on  a  constant-potential  system.  Consequently, 
an  amount  of  reactance  that  interferes  appreciably  with  main- 
tenance of  constant  potential  is  prohibitive,  but,  on  the  other 
hand,  we  cannot  have  too  small  an  increase  of  current  at  times 
of  trouble  and  short  circuits.  Consequently,  the  amount  of 
reactance  and  the  location  of  the  reactance,  so  long  as  they  do 
not  interfere  with  the  maintenance  of  constant  potential,  can- 
not be  used  too  freely,  because  even  if  the  apparatus  is  quite 
capable  of  standing  short  circuits  the  operation  of  the  system 
is  that  much  less  disturbed,  to  the  extent  to  which  the  current 
at  the  time  of  trouble  can  be  limited.  So,  outside  of  the  financial 
consideration  of  the  cost  of  the  reactance,  too  much  reactance 
cannot  be  introduced,  in  the  sectionalizing  of  a  system,  so  long 
as  the  maintenance  of  approximately  constant  potential  is  not 
interfered  with. 

Henry  G.  Stott:  This  is  a  subject  which  has  been  brought 
to  OUT  notice  very  strongly  in  connection  with  the  redesigning 
of  one  of  our  plants,  and  also  in  connection  with  the  introduc- 
tion of  large  turbo  units  having  a  normal  capacity  of  30,000  kw. 
each.  We  went  at  the  problem  as  from  the  point  of  view  of 
trying  to  protect  the  generator  from  the  cables,  and  to  protect 
the  generators  from  one  another,  and  we  ended  up  by  trying 
to  protect  cables  from  the  generators.  The  problem,  there- 
fore, was  entirely  transposed.  The  generator  is  pretty  well 
able  to  take  care  of  itself,  but  the  instantaneous  currents, 
which  are  reached  through  the  normal  action  of  having  a  num- 
ber of  these  machines  (we  used  five  in  our  calculations)  in 
multiple  on  the  busbars,  feeding  out  to  a  number  of  substa- 
tions, with  five  and  seven  feeders  in  parallel,  rise  to  such  enor- 
mous values,  going  up  to  about  60,000  or  70,000  amperes  at 
11,000  volts,  that  we  immediately  began  to  foresee  trouble 
due   to    the   repulsion   and   attraction   between   phases.     The 
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calculations  showed,  with  three-conductor  No.  000  feeder, 
subject  to  short  circuit  of  60,000  amperes,  that  the  dynamic 
repulsion  between  conductors  per  running  foot  (30.5  cm.)  was 
over  one  ton.  That  was  one  phase  of  the  problem  which  rather 
startled  us,  but  we  were  even  more  startled  by  finding  that  the 
calciilation  showed  very  high  temperatures  would  be  reached 
before  any  oil  switches  so  far  made,  could  be  opened.  We 
assumed  the  oil  switch  could  be  opened  in  12  cycles,  on  a  25- 
cycle  system — it  did  not  seem  safe  to  assume  it  would  go  out 
faster,  on  average  operation — and  we  found  that  in  the  period 
of  12  cycles,  or  less,  the  temperature  rise  on  such  a  cable  would 
be  over  500  deg.  cent. 

These  are  the  things  which  forced  us  into  the  use  of  reac- 
tances, and,  of  course,  it  is  quite  obvious  that  the  insulation 
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of  the  cable  would  be  partially  destroyed  by  even  one  or  two 
short  circuits  under  these  conditions. 

We  have  adopted  a  scheme  slightly  different  from  any  of  thpse 
suggested  in  this  paper,  and  it  is  shown  clearly  in  Fig.  1,  here- 
with. The  bus  normally  is  open,  so  each  imit  feeds  out  inde- 
pendently; but  they  are  held  in  parallel  through  the  reactances. 
As  the  load  falls  off,  so  that  one  of  these  units  is  suflScient  to 
carry  it,  you  close  the  bus  jtmction  switches  and  shut  down 
the  machine.  The  result  is  that  there  is  no  more  reactance 
in  one  section  than  in  another.  The  short-circuit  currents 
in  this  arrangement  work  out  very  advantageously,  also;  the 
last  calculation  showed  maximtun  short-circuit  current  of  not 
more  than  20,000  amperes,  which  is  qtiite  a  contrast,  compared 
to  60,000  amperes.  We  were  forced  into  the  use  of  reactances, 
ot  for  the  sake  of  protecting  the  machine,  but  to  protect  the 
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cable  from  the  heating  effect  and  the  dynamic  results  of  re- 
pulsion on  the  feeder. 

The  design  of  the  reactance  I  think  is  quite  important.  It 
should  be  one  which,  as  Mr.  Moody  said,  is  extremely  substantial 
and  practically  indestructible  from  the  heat  point  of  view.  That 
is  a  question  yet  to  be  settled,  whether  it  will  stand  the  shock  and 
the  high  temperatures  which  will  result  on  certain  combinations. 
The  ideal  solution  of  the  question  we  found  was  in  use  of  indivi- 
dual reactances  in  the  feeder,  and  we  found  also,  as  the  restdt 
of  that  discovery,  that  we  would  have  to  build  a  separate  plant 
to  hold  the  reactances,  and  that  did  not  seem  to  be  quite  feasible 
at  this  time,  considering  the  present  value  of  real  estate.  So  the 
scheme  shown  is  simply  a  compromise  between  bus  reactance  and 
individual  reactance  in  each  feeder,  but  I  think  there  is  no  doubt 
that  the  ideal  solution  is  an  individual  reactance  in  each  feeder, 
and  none  in  the  station.  However,  in  large  cities  that  is  obvious- 
ly out  of  the  question,  where  real  estate  and  buildings  are  so 
expensive. 

Paul  M.Lincoln:  There  is  one  point,  in  regard  to  the  use  of 
reactance,  which  in  a  great  many  discussions  is  lost  sight  of, 
and  that  is  the  transient  period.  If  we  assimie  10  per  cent  re- 
actance, and  100  per  cent  voltage,  the  maximimi  instantaneous 
current  which  can  flow  through  the  circuit  is  not  ten  times  ftill- 
load  current,  but  twenty  times.  If  you  hit  the  wave  in  the  right 
place  you  will  get  transient  conditions  which  will  give  twenty 
times  full-load  current.  It  rapidly  goes  down  to  ten  times  full- 
load  current.  If  one  takes  account  of  transient  conditions  he 
gets  twice  as  much  current  as  he  will  under  steady  conditions. 

Taking  time  along  a  horizonatal  line,  it  is  well  known  that  dur- 
ing the  transient  period  the  voltage  waves  will  become  symmet- 
ric^,around  a  logarithmic  cxu'vCjthat  is,  asymptotic  to  the  X axis, 
the  greatest  departure  of  the  logarithmic  curve  from  the  X  axis 
being  just  exactly  the  full  voltage. 

That  is  a  condition  which,  unfortunately,  most  writers  on  this 
subject  do  not  take  into  account.  When,  for  instance, 
the  authors  of  this  report  say  so  many  times  full-load 
current  of  one  generator,  we  do  not  know  whether  they  mean  to 
take  into  account  the  transient  condition  or  not,  but  if  they  do 
not  consider  the  transient  condition,  it  is  easily  seen  that  the 
worst  condition  may  give  a  current  as  high  as  double  the  value 
which  is  named. 

I  believe  that  we  all,  after  we  have  analyzed  this  problem,  will 
take  exactly  the  same  attitude  that  Mr.  Stott  has  taken.  The 
intention  at  first  invariably  was  to  get  something  to  protect  the 
generators,  because  it  was  the  generators  which  suffered  in  the 
early  days.  Now,  we  have  gotten  around  the  generator,  know 
how  to  protect  it,  how  to  build  a  generator  so  that  it  is  self-pro- 
tective, and  now  the  problem  is  to  protect  the  service  from  the 
rush  of  current  which  comes  out  of  the  generator.  It  is  now  the 
service  that  needs  the  protection,  and  not  the  apparatus,  and  it 
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we  bear  that  in  mind  in  the  study  of  this  problem  I  believe  it  will 
throw  a  great  deal  of  light  on  it. 

V.  Karapetolf :  I  was  glad  to  hear  Mr.  Lincoln  mention  the 
transient  period  of  short  circuit,  because  I  have  felt  for  some  time 
that  we  must  not  allow  the  generator  to  exert  its  full  destructive 
action  the  very  first  instant  of  a  short  circuit,  but  must  provide 
something  within  the  generator  to  take  care  of  this  transient 
condition.  The  natural  thought  occurred  to  me  to  provide  some- 
thing in  the  exciting  circuit,  because  the  exciting  circuit  is  smaller 
and  lighter  than  the  main  circuit. 

The  most  natural  solution  is  to  put  additional  reactance  in  the 
exciting  circuit.  La^t  week,  I  asked  one  of  my  assistants  to  make 
some  tests,  and  while  the  tests  were  rather  crude,  because  we  had 
no  oscillograph,  and  merely  watched  the  instantaneous  deflec- 
tion of  an  ammeter,  nevertheless,  I  think  the  results  clearly  show 
that  reactance  in  the  exciting  circuit  limits  the  first  rush  of 
current  and  is,  therefore,  useful.  The  size  of  this  reactance  is 
much  smaller  tlian  that  required  in  the  main  circuit,  and  what  is 
more  important,  there  is  no  objection  to  using  iron  in  this  re- 
actance. 

We  u^sed  a  small  alternating  machine  in  our  experiments,  and 
the  normal  value  of  the  exciting  circuit  was  2.5  amperes.  When 
the  machine  is  short-circuited  under  certain  conditions,  and  no 
reactance  is  put  into  the  exciting  circuit,  the  instantaneous 
exciting  current  (not  the  armattu*e  current)  rises  from  2.5  to  5 
amperes.  With  sufficient  reactance,  the  increase  in  the  exciting 
current  is  only  from  2.5  to  4  amperes.  We  also  found  a  similar 
reduction  in  the  armature  current.  The  steady  value  of  the 
short-circuit  current,  the  value  which  occurs  after  a  few  instants, 
was  75  amperes.  Without  reactance  in  the  exciting  circuit,  the 
instantaneous  deflection  of  the  ammeter  was  as  high  as  180  am- 
peres, instead  of  75 — the  ammeter  first  goes  to  180,  and  then  goes 
back  to  75,  due  to  that  transient  condition.  With  the  reactance 
in  the  exciting  circuit,  the  deflection  is  only  144  amperes,  that  is, 
it  goes  to  144,  and  goes  back  to  75. 

It  seems  to  me  that  here  is  a  remedy  which  may  be  useful,  not 
in  replacing  reactance  in  the  sections  of  a-c.  buses,  but  helping, 
at  least,  to  reduce  their  Size.  In  other  words,  I  believe  that  it  is 
not  right  to  leave  the  generator  to  exert  its  full  destructive  action, 
but  that  provision  must  be  made  in  the  exciting  circti^t  to  limit 
this  transient  phenomenon  by  a  sufficient  reacta;nce.  If  some 
kind  of  a  constant-current  regulator  could  be  introduced  in  the 
exciting  circuit,  with  a  sufficiently  quick  action  to  prevent  these 
sudden  rises,  then  we  could  not  possibly  have  these  rises  in  the 
armature  circuit,  and  consequently  we  would  have  less  destruc- 
tive action.  In  Dr.  Steinmetz's  book  on  *^  Electric  Discharges, 
Waves  and  Impulses,"  there  are  several  oscillograms  given, 
showing  what  happens  in  the  first  instant  of  a  short  circuit  on  an 
alternator.  The  armature  current  rises  instantly  to  a  value 
much  higher  than  its  steady  value,  and  the  field  current  also  goes 
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Up,  and  is  an  oscillatory  and  ptilsating  current.  We  would  not 
have  these  oscillations  in  the  armature  current,  if  we  could  pre- 
vent oscillations  in  the  exciting  current. 

Harry  R.  Woodrow:  I  think  Mr.  Lincoln  exaggerated  a  little 
the  instantaneous  rush  of  current  on  short  circuit.  The  equation 
for  this  current  in  an  inductive  circuit  is 
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and  0^  is  the  angular  phase  of  voltage  at  start  of  short  circuit 
which  must  be  at  point  of  zero  voltage  to  give  maximum  value  of 
the  transient  term  where  X/r  is  large.  Hence  it  requires  ir 
radius  of  electrical  time  for  the  transient  term  to  reach  its  maxi- 
mum value. 
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In  the  time  ir  the  transient  term  €  -r  drops,  so  that  the  maxi- 
mum peak  is  considerably  below  twice  the  normal.  In  addition 
to  this,  the  generator  voltage  is  materially  reduced  in  the  time  ir. 
From  a  number  of  tests  on  turbo-alternator  short-circuits,  we 
have  found  that  the  maximum  transient  peak  will  not  exceed  the 
normal  peak  by  more  than  50  to  60  per  cent. 

It  is  necessary  to  protect  the  generators,  circuits,  etc.,  at  the 
time  of  this  high  initial  peak  which  occurs  in  one-quarter  to  one- 
half  a  cycle,  as  any  damage  that  is  to  be  done  is  done  at  the 
time  of  maximum  peak  and  hence  no  shunted  resistance  or 
reactance  could  be  put  in  circuit  quickly  enougii  to  do  any  good. 

The  last  speaker  recommended  the  insertion  of  reactances  in 
the  field  circuits  of  generators.  Punctures  of  generator  field 
circuits  now  occur  at  times  of  generator  short  circuits  due 
to  the  high  voltage.  Inserting  an  additional  reactance 
in  the  field  circuit  to  permit  the  field  to  be  blown  out  within  the 
first  quarter  of  a  cycle  to  reduce  the  current  to  one-half  of  its 
former  value  would  require  a  reactance  equal  to  the  inductance 
of  the  field  circuit  and  would  produce  a  voltage  approximately 
as  high  as  pulling  the  field  circuit  without  discharge  resistances. 

Feeder  reactance  will  give  by  far  the  greatest  amount  of  pro- 
tection against  the  trouble  which  occurs  in  feeder  circuits,  and 
by  far  the  largest  percentage  of  the  troubles  will  occur  in  feeder 
circuits.  In  the  tabulation  the  authors  speak  about  the  reac- 
tance limiting  the  current  to  30  times  the  nonnal  rated  full- 
load  current  of  one  generator  and  they  have  something  like 
5000  kv-a.  required  for  the  best  condition  of  reactances  between 
adjacent  generators.  If  reactances  were  installed  on  feeder 
circuits  of  the  same  system,  two-thirds  per  cent  reactance 
would  be  sufficient  to  limit  the  current  to  30  times  the  full- 
load  current  of  one  generator,  which  would  require  about 
1500  kv-a.  in  reactances  or  less  than  one-third  the  amount  of 
bus  reactance.    This  per  cent  kv-a.  saving  depends  on  the 
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size  of  feeder  circuits,  and  is  proportional  to  the  ratio  of  size 
of  generator  to  feeder  units. 

Cassius  M.  Davis:  The  paper  under  discussion  considers 
an  ideal  case,  namely,  where  a  new  genera,ting  station  is  to  be 
put  in,  and  arrangement  can  be  made  at  the  time  of  installa- 
tion to  lay  out  the  system  properly  to  get  the  maximimi  pro- 
tection. There  is  one  difficulty  which  usually  confronts  the 
engineer  on  a  system  which  already  is  in  operation  and  grow- 
ing; that  is,  the  system  may  have  been  laid  out  some  years 
ago  with  no  anticipation  that  it  would  grow  to  such  large  ca- 
pacity; the  feeders  may  be  connected  to  the  busbar  in  a  more 
or  less  haphazard  fashion,  and  in  order  thoroughly  to  protect 
the  service  at  the  various  substations  several  feeders  may  be 
run  in  multiple  to  substations.  As  a  consequence  the  system 
becomes  so  large  that  it  is  necessary  to  protect  it  by  sectional- 
izing,  and  the  difficulty  arises  in  placing  the  reactances  so  as 
to  get  the  greatest  benefit.  With  a  new  system  which  has  a 
large  ntunbcr  of  relatively  small-capacity  generators,  or  if  it 
is  a  very  large  system,  where  there  are  a  ntunber  of  large  genera- 
tors, it  can  be  laid  out  very  advantageously  along  the  lines  which 
have  been  shown  in  this  paper.  A  much  more  difficult  prop- 
osition is  the  system  which  has  been  in  operation  for  some  time 
using  small  units,  when  it  is  decided  to  replace  the  small  upits 
with  much  larger  ones.  The  feeders  and  the  feeder  switches 
have  been  designed  and  installed  merely  to  carry  the  feeder 
current.  Now,  if  the  larger  units  are  put  in,  the  currents  at 
time  of  short  circuit  are  very  much  larger  than  previously, 
and  therefore  it  is  necessary  either  to  equip  the  station  with 
new  switches  or  to  protect  the  system  in  such  a  manner  that  the 
old  switches  will  be  able  to  take  care  of  short  circuits,  or,  as  in 
the  case  Mr.  Stott  has  brought  out,  it  is  a  case  of  protecting 
the  feeders. 

A  number  of  cases  like  this  have  recently  come  up.  It  has 
generally  worked  out  that  the  best  arrangement  of  reactances 
to  give  the  best  protection  is  a  combination  of  generator  and 
feeder  reactances,  rather  than  bus-sectionalizing  reactances. 

Mr.  Stott 's  illustration  (Fig.  1)  is  a  combination  of  feeder 
reactances  and  what  we  may  call  synchronizing  reactances. 
Each  group  of  feeders  is  protected  by  a  single  reactance.  Then 
the  generator  is  connected  without  reactance,  and  each  genera- 
tor is  maintained  in  synchronism  with  the  others  in  the  station 
by  what  may  he  termed  a  synchronizing  reactance  and  syn- 
chronizing bus.  It  is  purely  a  case  of  group  feeder  reactances, 
no  generator  reactance,  and  a  section  reactance  primarily  to 
keep  the  generators  in  synchronism.  The  station  would  operate 
just  as  well  without  the  synchronizing  reactances,  the  protec- 
tion would  be  practically  the  same,  but  for  reasons  of  con- 
venient operation  the  synchronizing  feature  becomes  necessary. 

Allen  M.  Rossman:  Mr.  Torchio  remarked  that  our  as- 
sumption of  10  per  cent  generator  reactance  was  rather  high. 
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We  will  admit  that  if  we  were  working  up  the  data  for  some 
of  the  older  stations  it  might  be  high.  But  when  we  worked 
up  these  curves,  we  were  planning  a  new  60-cycle  station,  and 
hid  no  diflSculty  in  getting  guarantees  of  10  per  cent  reactance 
in  the  generators,  and  so  we  based  our  curves  on  that  value. 

Mr.  Torchio  suggests  selecting  busbar  reactances  with  an 
ampere  rating  the  same  as  that  of  the  oil  switches  in  the  bus- 
bars. 

If  you  will  refer  to  the  diagrams  in  Fig.  8  of  the  paper  you 
will  find  a  close  approximation  to  the  required  current  rating. 
We  have  assumed  one  generator,  two  generators,  three  genera- 
tors, etc.,  up  to  nine  generators  in  operation,  each  carrying 
its  full  rated  current.  We  have  assumed  that  this  cxirrent 
is  fed  out  in  equal  amounts  from  each  of  the  nine  feeders  or 
group  feeders.  You  will  find  by  glancing  over  the  diagrams 
that  in  no  case  do  we  get  higher  than  five-ninths  of  the  full- 
load  current  of  one  generator  through  any  reactance.  This 
figure,  with  an  allowance  for  unbalance  of  feeders,  gives  the  proper 
current  rating  for  the  reactances  as  well  as  for  the  bus  section 
switches. 

Mr.  Stott  has  stated  that  in  installing  generator  reactances 
at  an  Qld  station  another  building  might  be  needed  to  accom- 
modate them.  The  space  required  and  the  high  cost  are,  I 
think,  the  chief  objections  to  the  extensive  use  of  generator  re- 
actances. Reactances  in  the  generator  leads  are,  in  my  opinion, 
best  adapted  for  the  protection  of  the  generators  themselves, 
but  with  the  generators  that  we  are  buying  these  days  it  is  not 
so  necessary  to  provide  additional  reactances  in  their  leads, 
because  of  their  high  inherent  reactance  and  their  improved 
mechanical  construction. 

Mr.  Woodrow  has  commented  on  the  question  of  transient 
effects,  raised  by  Mr.  Lincoln,  and  I  will  not  say  anything 
further  on  this  subject.  The  method  of  deriving  the  curves, 
as  shown  in  the  appendix,  considers  only  the  Ix  drop. 

Mr.  Davis  has  made  some  comments  about  stations  which 
were  designed  some  years  ago,  and  on  further  growth  required 
the  addition  of  reactances.  I  might  mention  that  not  many 
of  the  large  city  stations  built  a  few  years  ago  were  designed 
to  deliver  the  amount  of  power  we  are  calling  on  them  to  give 
today,  and  the  application  of  reactances  to  these  stations  may 
be  considered  special  cases.  These  older  stations  designed 
perhaps  ten  years  ago,  or  even  seven  or  eight  years  ago,  have 
to  give  way  to  new  stations,  and  it  is  the  application  of  re- 
actances to  these  very  large  stations  that  our  paper  is  intended 
to  cover. 

Referring  to  Mr.  Davis^s  question  as  to  the  rating  of  the 
reactances,  the  rating  of  the  reactance  is  based  on  the  current 
times  the  voltage.  If  we  double  the  current  we  get  double 
the  voltage,  because  we  have  twice  as  many  ampere-turns,  and 
therefore  we  get  four  times  the  reactance,  therefore  the  rating 
varies  as  the  square  of  the  current 
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Oi  J I  FdrgUSoti  (by  letter):  Last  summer  I  had  occasion  to 
study  the  various  results  to  be  obtained  by  putting  reactors  of 
Various  capacities  in  buses  and  feeders,  with  straight  and  ring 
buses.  Based  upon  10  per  cent  inherent  reactance  of  generators, 
my  general  conclusions  were  as  outlined  below.  It  will  be  seen 
that  they  agree  in  many  particulars  with  those  of  the  paper  we 
are  discussing. 

1.  Additional  generator  reactors  are  not  necessary. 

2.  The  most  effective  method  of  placing  reactors  is  to  dis- 
tribute them  in  buses  and  in  feeders. 

3.  Based  upon  one-half  the  normal  output  of  a  bus  section, 
a  25  per  cent  reactor  is  generally  sufficient  for  the  bus. 

4.  A3  per  cent  to  5  per  cent  reactor  is  advised  for  feeders. 
6.     If  generators  with  10  per  cent  reactances  are  fed  to  buses 

through  transformers  having  6  per  cent  to  8  per  cent  reactance, 
the  bus  reactors  may  be  of  lower  reactance. 

6.  It  is  feasible  to  install  bus  reactors  of  impedance  sufficient 
to  sustain  synchronous  apparatus  on  bus  sections  adjacent  to 
the  one  upon  which  the  fault  occurs. 

7.  Owing  to  the  demands  of  light-load  operation,  switches 
to  bridge  the  bus  reactors  should  be  developed  and  made  inter- 
locking with  the  generator  switches  so  that  they  canno^  remain 
closed  when  the  reactance  is  required. 

8.  The  present  method  of  rating  a  reactor  is  not  wholly  suc- 
cessful. 

As  regards  the  reactor  rating,  it  is  worthy  of  note  that  reactors 
to  be  placed  in  feeders  or  in  generator  leads  present  a  very  rea- 
sonable demand  that  they  should  be  rated  in  terms  of  those  units. 

When  bus  reactors  are  used,  they  are  frequently  rated  in 
terms  of  only  a  part  of  the  nonnal  capability  of  the  adjacent 
bus  section,  as,  for  example,  upon  the  basis  of  only  one  of  the  two 
or  three  connected  generators.  This  is  only  a  '*  local  "  rating 
and  may  lead  to  confusion  and  to  incorrect  comparisons  of  data, 
etc. 

It  is  my  belief  that,  inasmuch  as  reactors  are  subject  to  instal- 
lation under  such  indefinite  conditions,  they  might  well  have, 
beside  their  specific  or  local  rating,  a  fundamental  rating  in  terms 
of  volts  reactance  per  100  amperes  at  normal  frequency.  This 
could  be  called  the  ^'  60-cycle  reactive  constant ''  of  the  device. 

Alex.  E.  Bauhan  (by  letter) :  The  paper  gives  considerable  at- 
tention to  the  subject  of  voltage  differences  existing  in  the  various 
sections  of  a  bus  equipped  with  reactances.  This  voltage  differ- 
ence of  course  is  ordinarily  a  very  undesirable  feature,  but  under 
certain  ojx?rating  conditions  becomes  a  highly  desirable  feature. 
For  instance,  consider  a  hydroelectric  system  consisting  of  a  gen- 
erating station  and  two  transmission  lines  having  widely  differing 
voltage  regulations.  Now  it  is  evident  that  if  flat  voltage  is 
called  for  at  the  substations  and  no  synchronous  condensers 
are  available,  it  becomes  necessary  to  operate  the  two  transmis- 
sion lines  separately  at  the  generating  station  end,  which  is 
usually  undesirable. 
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However,  if  the  two  systems  are  tied  together  through  a  set 
of  reactance  coils  it  becomes  an  easy  matter,  by  properly  ad- 
justing the  load  and  excitation,  to  regulate  the  voltage  on  one 
system  independently  of  the  other  and  yet  keep  them  in  parallel. 

This  scheme  is  now  being  used  on  a  high-voltage  transmission 
system  under  similar  conditions  to  the  above.  The  regulation 
of  one  of  the  lines  is  10  per  cent  at  a  maximum  load  of  about  65,000 
kw.,  and  that  on  the  other  line  is  about  2  per  cent  with  a  maxi- 
mum load  of  about  4000  kw.  The  generators  are  of  about  10,000 
kw.  each.  It  is  desired  to  give  constant  voltage  at  both  sub- 
stations, and  as  it  is  necessary  to  parallel  the  two  systems  at 
various  times  during  the  day,  to  make  full  use  of  the  generating 
capacity,  the  voltage  disturbances  were  very  objectionable. 
However,  by  making  use  of  bus  reactance,  which  has  already  been 
installed,  it  is  possible  to  operate  these  stations  in  parallel  at 
any  time,  each  system  getting  its  proper  voltage  regulation. 

This  is  a  point  which  may  not  be  of  particular  value  in  city 
distribution  work,  but  may  be  well  to  keep  in  mind  in  connection 
with  the  operation  of  more  extended  transmission  systems. 
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OUTDOOR  VS.  INDOOR    SUBSTATIONS 


BY  ALEXANDER  MACOMBER 


Abstract  of  Papbk 

The  development  of  the  outdoor  substation  vs.  the  indoor 
type  is  an  interesting  commentary  on  the  adaptability  of  engi- 
neering progress  to  new  fields  and  the  subject  is  briefly  recapitu- 
lated in  this  paper,  in  line  with  the  developments  and  applica- 
tion of  this  branch  df  transmission  work. 

The  causes  for  development  of  this  apparatus,  together  with  a 
general  description  of  the  classes  of  apparatus  involved  which 
have  been  changed  to  meet  new  conditions,  are  given.  The 
application  of  the  indoor  vs.  the  outdoor  substation  to  services 
of  different  character  is  indicated,  and  the  tendencies  for  the 
future  briefly  touched  upon.  A  comparison  of  the  advantages 
and  disadvantages  of  the  types  considered  is  outlined. 

In  general,  it  appears  that  the  equipment  for  outdoor  installa- 
tions has  been  successfully  developed  to  meet  the  severe  condi- 
tions imposed,  and  the  numerous  installations  involving  outdoor 
features  indicate  the  extensive  use  of  this  idea  in  the  future,  while 
its  development  as  applied  to  the  central  station  itself  affords  a 
considerable  field  for  attention. 


THE  DEVELOPMENT,  in  the  last  half-dozen  years,  of  the 
outdoor  substation  vs.  the  indoor  type,  with  its  attendant 
problems,  is  a  most  interesting  commentary  on  the  adaptability 
of  engineering  progress  to  new  fields.  Primarily,  as  in  most 
such  cases,  the  cause  was  an  economic  one,  the  desire  to  serve 
from  transmission  systems  the  small  consumer  who  could  not 
be  reached  on  account  of  the  excessive  first  costs  of  installation. 
The  development  of  suitable  apparatus  to  meet  this  funda- 
mental condition  has  opened  up  a  new  field  for  substation  de- 
velopment, and  progress  along  engineering  lines  necessitated  by 
new  and  peculiar  conditions  has  indeed  been  remarkable.  These 
problems,  especially  in  reference  to  the  class  of  work  which 
introduced  them,  have  been  well  solved,  but  the  possibilities 
in  application  to  larger  and  broader  fields  has  meant  attacking 
problems  of  a  far  more  complex  nature.  The  success  obtained 
justifies  the  expectation  that  outdoor  substations  will  occupy 
a  ver>'  important  position  in  the  development  of  transmission 
work.  The  extent,  however,  to  which  it  is  desirable  to  develop 
these  propositions,  must  receive  serious  consideration  dependent 
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on  the  engineering  features  of  design  and  operation,  and  funda- 
mentally on  the  economics  of  the  problem. 

This  matter  has  been  ably  discussed  previously,  but  its  im- 
portance is  such  that  it  is  proposed  briefly  to  recapitulate  the 
subject  in  view  of  its  developments  and  possible  applications, 
trusting  that  discussion  of  practical  experience  will  be  afforded. 

Development  of  Equipment 

To  meet  the  engineering  conditions  of  outdoor  operation, 
considerable  experimental  work  has  of  course  been  necessary, 
and  results  indicate  that  there  is  nothing  inherent  in  the  reqxure- 
ments  of  apparatus  for  these  conditions  which  apparently  cannot 
be  successfully  met. 

The  classes  of  apparatus  involved  which  have  required  de- 
velopment to  meet  new  conditions  may  in  general  be  grouped 
under  (1)  protective  equipment,  (2)  transformers,  and  (3)  con- 
trol equipment. 

Protective  Equipment 

The  most  important  protective  apparatus  affected  by  outdoor 
installation  is  the  electrolytic  lightning  arrester,  which  offers 
the  most  complete  protection  available  at  present  for  high-tension 
lines.  Heretofore  it  has  been  necessary  to  protect  this  eqxupment 
by  housing,  but  the  development  of  low-temperature  electro- 
lyte, together  with  other  details  of  design,  makes  it  now  feasible 
to  place  the  entire  equipment  out  of  doors,  even  under  the  most 
severe  climatic  conditions.  The  winter  season  when  the  severest 
temperatures  are  encountered,  is  also,  as  a  rule,  free  from  light- 
ning disturbances,  though  it  is  important  to  seciu^  continuous 
service  of  protective  devices  of  this  nature  on  account  of  surges 
occtirring  on  the  lines,  the  necessity  being  particularly  noted 
where  the  switching  of  the  high-tension  systems  is  liable  to  cause 
serious  line  disturbances  and  consequent  breakdowns  at  weak 
points.  It  is  as  much  the  function  of  the  arrester  to  absorb  these 
disturbances  as  to  avert  the  direct  effects  of  lightning  itself. 

Transformers 

The  operation  of  outdoor  transformers  is  no  longer  experi- 
mental. The  principal  difficulty  to  be  met  is  the  climate,  with 
its  changes  in  temperature  and  atmospheric  conditions.  In 
general  the  outdoor  type  of  transformer  is  similar  to  the  indoor 
type  except  that  the  cover  and  leads  are  designed  to  shed  mois- 
ture and  provide  the  necessary  higher  factors  of  safety. 
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Both  self -cooled  and  water-cooled  transformers  are  applicable 
to  this  service,  with  due  consideration  of  its  requirements.  In 
the  former  case,  grades  of  oil  suited  to  the  conditions  are  of  course 
necessary,  the  only  serious  difficulty  being  on  account  of  possible 
freezing.  As  a  rule  the  load  of  the  transformers  will  keep  the 
oil  sufBciently  warm,  but  it  is  important  that  precautions  be  taken 
in  order  to  prevent  condensation  of  moisture.  If  necessary  this 
is  accomplished  by  small  heating  coils  installed  in  the  tops  of 
the  transformers.  The  freezing  of  the  oil  itself  in  idle  units  or 
under  severe  conditions  may  also  be  guarded  against  by  the 
installation  of  external  heating  devices  under  the  casings. 

This  freezing  of  the  oil  may  be  serious,  particularly  if  trans- 
formers are  out  of  service,  because  on  energizing  them,  dissipa- 
tion of  heat,  with  the  oil  frozen,  is  liable  to  be  slow,  and  inasmuch 
as  the  temperature  rise  in  large  units  is  about  20  deg.  cent., 
the  windings  might  be  injured  before  the  oil  is  liquefied.  Little 
trouble  is  experienced,  however,  as  ordinarily  oil  will  not  freeze 
at  a  temperature  above  — 15  deg.  cent.,  and  special  grades  solidify 
at  a  considerably  lower  point. 

The  use  of  water-cooled  transformers  involves  similar  precau- 
tions against  moistiu"e,  vnth  the  addition  of  suitable  protection 
to  the  water  circulating  system,  although  the  water  of  itself, 
by  its  circulation  through  the  transformers,  would  not  freeze 
except  under  severest  conditions,  provided  the  external  connec- 
tions are  properly  protected. 

There  apparently  has  not  been  much  experience  with  air- 
blast  transformers  out  of  doors  and  it  would  seem  that  there 
might  be  a  field  for  them  as  they  do  not  offer  the  difficulties 
in  giving  climatic  protection  which  are  encountered  with  other 
types  of  transformers,  provided  moistiu"e  is  kept  out;  and  the 

cost  would  be  less. 

Control  Apparatus 

The  design  of  control  apparatus,  such  as  switches,  circuit 
breakers,  etc.,  has  also  met  the  severe  conditions  imposed,  and 
outdoor  switches  of  extremely  high  voltage  are  operating  satis- 
factorily in  severe  sleet  and  snow  storms.  As  with  the  other 
apparatus,  the  general  indoor  types  have  been  made  suitable 
for  outdoor  service  by  perfection  of  details,  such  as  enclosing  the 
mechanisms,  motor  control,  etc. 

In  general,  then,  it  may  be  fairly  stated  that  the  use  of  the 
outdoor  substation  is  not  to  be  limited  particularly  by  the  lack 
of  apparatus  suitable  for  the  severe  operating  conditions,  and 
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it  is  certain  that  even  greater  steps  in  the  improvement  of  ap- 
paratus of  this  nature  will  occur. 

Application 

The  indoor  substation  has  been  highly  developed  to  meet 
the  various  classes  of  service  imposed  upon  it,  and  in  fact  has 
become  very  nearly  standardized.  It  is  hardly  necessary  to 
consider  its  development  and  status  here,  except  as  a  comparison 
with  those  particular  classes  of  service  in  which  the  outdoor  sub- 
station may  appear  as  its  competitor,  the  advisability  of  the 
latter  depending  on  a  careful  consideration  of  the  various  ad- 
vantages and  disadvantages  as  compared  with  the  established 
type  of  indoor  substation. 

Generally  speaking,  for  the  purposes  of  considering  outdoor 
installations,  substations  may  be  classified  as  serving  the  re- 
quirements of  (a)  small  isolated  loads,  (b)  large  capacity  loads, 
and  (c)  apparatus  auxiliary  to  central  stations. 

A  brief  discussion  of  these  respective  divisions  will  indicate 
some  of  the  requirements  and  opportunities  incidental  to  each. 

Small  Isolated  Loads 

It  was  in  the  class  of  small  isolated  loads  that  the  development 
of  the  outdoor  substation  first  started,  and  this  has  afforded 
its  greatest  field  to  date. 

Complete  outdoor  installations  up  to  a  few  hundred  kv-a. 
have  enabled  service  to  be  given  to  isolated  customers  and  small 
communities  which  otherwise  could  not  be  profitably  served 
directly  off  the  main  transmission  lines.  It  is  possible  to  locate 
such  substations  almost  anywhere,  the  structural  and  foundation 
requirements  varying  with  conditions.  The  simplicity  of 
design  and  construction  has  meant  a  small  investment  and  a 
minimiun  of  operating  troubles.  High-tension  switching  is 
usually  limited  to  air-break  types,  instead  of  the  costly  oil 
switches,  while  lightning  protection  is  afforded  either  by  the 
electroljrtic  lightning  arrester  or  the  cruder  horn  type.  Most 
such  installations  have  been  free  from  elaborate  secondary  con- 
trol, that  provided  being,  if  any,  of  the  simplest  type,  established 
in  weatherproof  housings.  There  can  be  hardly  any  question 
as  to  opportunities  for  this  type  of  station,  and  its  rapid  adoption 
and  extending  installation,  on  account  of  the  factors  of  simplicity, 
low  cost  and  lack  of  attendance,  indicate  the  importance  of 
its  field. 
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Large  Capacity  Loads 

The  application  of  the  outdoor  substation  to  large  capacity 
installations,  particularly  where  the  secondary  control  is  split 
up  into  various  circuits  with  more  or  less  auxiliary  apparatus, 
confronts  \is  with  larger  problems.  The  substation  may  com- 
bine not  only  the  functions  of  a  switching  station,  but  also  that 
of  supplying  a  large  load  to  a  community,  and  in  general  its  lo- 
cation would  not  be  affected  by  the  type  adopted,  provided 
sufficient  space  is  available. 

With  substations  of  this  character,  involving  attendance,  it 
is  necessary  to  provide  a  suitable  building  designed  for  at  least 
part  of  the  installation.  What  part  of  the  high-tension  appara- 
tus may  properly  be  installed  out  of  doors  depends  largely  on 
the  saving  thereby  effected.  The  actual  outdoor  apparatus  must 
be  provided  for  separately,  and  a  combination  of  the  indoor  and 
outdoor  substation  will  in  many  cases  prove  most  advantageous. 
In  some  cases  it  is  feasible  to  place  the  whole  outfit  out  of  doors, 
including  the  low-tension  control  equipment,  provided  the  latter 
is  not  extensive,  but  in  most  cases  it  is  questionable  whether 
the  operating  features  will  permit  this  extreme.  In  cases  where 
attendance  is  required  it  is  certainly  advisable  to  install  the 
secondary  equipment  indoors. 

The  manner  of  installing  the  outdoor  equipment  will,  of  course, 
depend  upon  the  size  and  importance  of  the  layout.  In  general 
the  incoming  and  outgoing  lines  must  have  proper  terminal 
structures  for  connection  and  distribution  to  the  banks  of 
transformers.  The  transformers  themselves  should  be  pro- 
vided with  proper  foundations,  preferably  of  concrete,  so  de- 
signed that  they  may  be  removed  on  rails,  and  provision 
should  be  made  for  heating  the  cases  if  climatic  conditions 
require  it,  while  the  piping  for  oil  or  water  must  be  carefully 
considered. 

The  installation  of  lightning  and  control  equipment  is  also 
subject,  in  general,  to  the  same  requirements. 

A  most  important  detail  of  the  outdoor  installation  is  that  of 
providing  proper  facilities  for  repairing  damaged  apparatus,  and 
large  stations  must  provide  some  shelter  where  such  repairs  can 
properly  be  made. 

The  space  occupied  by  the  outdoor  installation  will,  of  course, 
be  large,  and  adequate  provision  must  be  made  for  preventing 
anyone  from  coming  in  contact  with  the  equipment. 
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Apparatus  Auxiliary  to  Central  Stations 

Many  central  stations  operated  in  connection  with  trans- 
mission systems  have  a  considerable  portion  of  their  buildings 
given  up  to  high-tension  equipment  and  apparatus  incidental 
to  its  operation. 

The  outdoor  installation  of  such  latter  equipment  would,  in 
many  cases,  reduce  the  building  cost  materially,  provided  the 
extra  outdoor  space  is  available.  The  features  of  installation 
would  be  similar  to  those  noted  above.  This  phase  of  outdoor 
application  is  worthy  of  considerable  attention  and  study. 

Comparisons 

Considered  generally,  the  following  are  the  advantages  and 
disadvantages  of  outdoor  installations: 

Advantages  Disadvantages 

Lower  first  cost  Repairs 

Ease  of  extensions  Operating  risks 

Reduction  of  fire  hazard  Danger  to  public 

Simplicity  of  layout  Appearance. 

Reduction  in  cost  was  the  cause  for  the  development  of  this 
type  of  construction,  is  the  reason  for  its  continuance,  and  will 
govern  its  extensive  application,  when  properly  interpreted. 
For  the  small  isolated  substation  of  a  few  hundred  kv-a.,  the 
cost  will  be  from  25  per  cent  to  over  50  per  cent  cheaper  than 
the  corresponding  indoor  station.  For  large  installations,  par- 
ticularly where  a  building  is  provided  for  secondary  control, 
the  per  cent  of  saving  is  much  smaller,  the  less  being  the  cost 
of  the  outdoor  part  of  the  installation  in  proportion  to  the  total, 
the  less  being  the  saving  due  to  this  construction. 

In  connection  with  the  cost,  reduction  of  fire  risk  is  important 
and  outdoor  service  reduces  this  to  a  minimum. 

The  simplicity  of  either  complete  or  partial  outdoor  installation 
is  particularly  attractive.  With  the  intensive  development  of 
the  indoor  station  we  have  succeeded  in  obtaining  about  all  the 
elaborateness  of  design  possible,  and  any  development  offering 
opportunity  for  simplicity  of  construction  and  operation  should 
be  welcome. 

The  disadvantages  outlined  have  been  mentioned  generally 
in  passing.  The  most  serious  ones  are  those  of  operation  and 
facility  for  repairs.  Experience  indicates  that  operating  diffi- 
culties are  well  overcome,  and  generally  speaking,  damage  to 
modem  apparatus  is  reasonably  rare.     Danger  to  outsiders  can 
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oertainly  be  prevented  by  fencing,  etc.,  while  the  matter  of  ap- 
pearance is  only  of  interest  in  certain  localities. 

Summary 

Summarizing  the  situation,  we  find  that  the  equipment  for 
outdoor  installations  has  been  developed  to  meet  the  severe 
conditions  imposed.  Successful  operation  of  installations  of 
this  character  during  several  years  shows  that  operating  difficul- 
ties are  unusual. 

It  is  significant  that  at  present  there  is  installed,  or  under 
construction,  approximately  300,000  kv-a.  in  high-tension  out- 
door type  transformers.  The  query  may  well  become,  instead 
of  "  when  shall  we  use  the  outdoor  substation?"  rather  "  when 
shall  it  not  be  used?"  The  cost  is  the  main  factor,  although 
operating  features  with  increasing  high  voltage  become  attractive 
on  account  of  the  simplicity  of  the  layout  and  the  tendency  to 
make  the  high-tension  equipment  a  part  of  the  line  itself. 

The  development  of  these  ideas  when  applied  to  the  central 
station  itself  should  be  as  marked  as  it  has  been  in  the  case  of 
the  substation,  although  the  limits  desirable  to  impose  must  in 
all  cases  be  determined  by  the  particular  problem  under  consid- 
eration. 
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OUTDOOR  SUBSTATIONS  IN  NEW  ENGLAND 


BY  FRED  L.  HUNT 


Abstract  of  Paper 

The  present  development  of  outdoor  switching  apparatus  and 
transformers  for  systems  of  110,000  volts  or  less  is  such  as  to 
make  their  use  entirely  successful,  and  in  most  transformer  sub- 
stations, a  considerable  saving  in  first  cost  can  be  accomplished 
without  increase  in  operating  expenses,  by  making  use  of  this 
type  of  equipment. 

This  paper  g^ves  a  brief  description  of  two  substations  of 
10,000  kv-a.  ultimate  capacity,  just  put  into  operation,  in  which 
all  the  high-tension  switching  apparatus  (66,(K)0  volts)  and  the 
transformers  are  outdoors.  The  low- tension  apparatus  (13,200 
volts)  and  the  railway  apparatus  are  indoors.  This  arrangement 
is  based  on  the  three  following  principles  which  have  in  this  case 
proVed  to  be  sound: 

1.  That  the  greatest  saving  in  building  cost  can  be  n^tde  by 
putting  all  high-tension  work  outdoors. 

2.  That  the  switching  apparatus,  lightning  arresters  and  trans- 
formers of  voltages  in  the  neighborhood  of  66,000  volts  are  prac- 
tical and  may  be  successfully  operated  outdoors  in  New  England. 

3.  That  distributing  switchboard,  control  switchboard  and 
railway  apparatus  and  switchboard  are  not  suitable  for  outdoors. 


DURING  the  past  summer,  there  have  been  built  and  put 
into  operation  by  the  Amherst  Power  Company  two 
substations,  a  brief  description  of  which  may  be  of  interest  in 
connection  with  the  present  tendency  towards  the  use  of  out- 
door substations.  One  of  these  is  located  at  Chicopee  and  one 
at  Agawam,  Mass.,  both  being  supplied  from  the  company's 
double-circuit,  60-cycle,  three-phase,  66 ,000- volt  transmission 
line  extending  from  Turners  Falls  to  Springfield.  The  accom- 
panying illustrations  show  various  views  of  these  substations, 
which  are  practically  duplicates  as  far  as  general  layout  is  con- 
cerned. 

When  these  stations  were  being  laid  out,  considerable  atten- 
tion was  given  to  a  study  of  the  advantages  and  disadvantages 
of  indoor  and  outdoor  apparatus,  the  restdt  of  which  was  the 
adoption  of  what  might  be  called  a  semi-outdoor  substation  in 
which  all  the  66 ,000- volt  equipment,  including  the  step-down 
transformers,  was  placed  outdoors,  as  were  also  the  aluminum 
lightning  arresters  on  the  13,200-volt  outgoing  lines,  while  the 
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13,200-volt  buses  and  switching,  the  control  switchboard,  the 
2300-volt  distributing  switchboard  and  the  railway  apparatus 
were  placed  inside. 

The  choice  between  indoor  and  outdoor  apparatus  in  different 
parts  of  the  equipment  was  based  on  the  following  considerations: 

1.  The  66, 000- volt  apparatus  was  the  most  bulky  part  of 
the  equipment,  and  therefore  the  greatest  saving  in  building 
space  could  be  accomplished  by  putting  it  outdoors. 

2.  The  more  complicated  switching  necessary  with  the  num- 
erous 13,200-volt  and  2300-volt  outgoing  circuits  and  synchron- 
ous motor  circuits  would  have  been  much  more  difficult  and  ex- 
pensive to  handle  in  an  outdoor  installation.  Hence,  they 
were  placed  inside. 

3.  The  control  switchboards,  with  their  metors,  instruments 
and  storage  battery,  and  the  railway  motor-generator  sets, 
have  not  at  the  present  time  been  developed  to  the  point  where 
it  is  practical  to  operate  them  outdoors;  therefore  these  were 
placed  inside.  Except  in  the  case  of  the  switchboards  with 
their  metiers  and  instruments,  the  storage  battery  and  the 
railway  sets,  none  of  which  are  suited  to  outdoor  operation, 
the  relative  location  of  the  remainder  of  the  apparatus,  that  is, 
whether  it  would  be  placed  indoors  or  outdoors,  was  determined 
principally  by  comparison  of  estimated  first  costs,  since  no 
well-founded  objection  to  the  use  of  outdoor  aluminum  light- 
ning arresters,  oil  switches,  transformers  or  buses  could  be  found. 

The  saving  in  the  first  cost  of  the  building  may  be  arrived 
at  very  closely  on  the  basis  that  the  cost  of  two  proposed  build- 
ings, erected  on  the  same  site,  for  the  same  purpose  and  of  the 
same  general  design  and  material,  will,  within  reasonable  limits, 
have  first  cost  in  the  direct  proportion  to  their  cubic  contents. 
A  building,  similar  to  the  one  actually  erected,  but  of  the  dimen- 
sions necessary  to  accommodate  indoors  all  the  apparatus,  in- 
cluding the  66, 000- volt  equipment,  allowing  for  the  same  switch- 
ing scheme,  and  providing  a  space  for  future  expansion  equal 
to  that  which  is  incorporated  in  the  present  station  and  out- 
door foundations,  would  cost  on  the  above  basis  202/86ths  of 
the  cost  of  the  present  building.  After  allowing  for  the  extra 
cost  of  outdoor  apparatus  and  the  cost  of  outdoor  foundations 
and  steel  structures,  the  saving  in  this  case  was  an  amount 
equal  to  11  per  cent  of  the  cost  of  the  complete  station  and  equip- 
ment as  built. 

The  general  arrangement  at  the  Chicopee  substation    (see 
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Figs.  1  and  5)  is  as  follows:  A  tap  circuit  is  brought  in  from 
each  of  the  two  transmission  lines  through  choke  coils,  discon- 
necting switches,  and  solenoid-operated  non-automatic  oil 
switches  to  a  transfer  bus,  from  which  the  transformers  are 
supplied  through  disconnecting  switches  and  solenoid-operated 
automatic  oil  switches,  one  set  for  each  bank.  An  aluminum 
lightmng  arrester  is  installed  on  each  incoming  Hne.  At  present 
there  is  one  bank  of  three  1500-kw.  oil-cooled  transformers 
ot  the  radiator  type  in  use  here,  with  one  spare  unit,  and  found- 
ations and  conduits  are  installed  for  a  second  bank.  This  type 
of  transformer  construction  brings  the  cost  of  oil-cooled  trans- 
formers for  outdoor  work  down  to  a  point  where  their  increased 
cost  over  water-cooled  transformers  is  so  little  that  it  does  not 
pay  to  add  the  complication  of  water  cooling  for  the  small  sav- 
ing in  first  cost  that  can  be  accomplished,  especially  where 
the  water  would  have  to  be  pumped,  as  in  this  case,  and  where, 
as  in  all  outdoor  stations  in  the  northern  part  of  this  country, 
special  precaution  must  be  taken  to  prevent  the  freezing  of  water 
pipes.  From  the  transformer  bank  one  circuit  is  carried  under- 
ground into  the  building  to  the  13, 200- volt  double  bus  in  a 
concrete  bus  structure. 

The  arrangement  so  far  as  outdoor  station  is  concerned,  is 
the  same  at  Agawam  (see  Fig.  2)  except  that  there  is  a  dif- 
ference in  the  capacity  of  transformers,  and  there  are  two  cir- 
cuits from  the  secondary  side  of  the  transformers  into  the  build- 
ing; one  leading  to  the  13,200-volt  bus,  and  one  to  the  2300- 
volt  bus,  as  power  is  distributed  at  both  voltages  from  Agawam 
station. 

Attention  may  now  be  called  to  some  special  features  of  the 
outdoor  equipment.  The  oil  in  the  outdoor  transformers  freezes 
at  — 15  deg.  cent.  It  is  therefore  necessary  to  keep  the  temper- 
ature of  the  oil  in  the  spare  transformer  above  this  point  if  it 
is  to  be  ready  for  immediate  service.  This  will  be  accomplished 
by  connecting  the  spare  transformer  to  the  bus  on  the  low  ten- 
sion side,  from  about  Jan.  1st  to  Mar.  lOth  of  each  year.  Dur- 
ing the  remainder  of  the  year  the  temperature  of  the  oil  in  the 
spare  transformer  does  not  go  down  to  its  freezing  point  when 
left  without  artificial  heat. 

The  transformers  and  oil  switches  are  connected  by  a  com- 
plete piping  system  to  a  two-compartment  oil  tank  buried  in 
the  ground,  so  that  oil  can  be  drained  from  any  transformer 
or  oil  switch  into  its  respective  compartment  of  the  oil  tank. 
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and  from  there  can  be  pumped  through  a  portable  oil  filter  press 
back  into  the  transformers  or  switches.  Alarm  thermometers 
on  the  transformers  are  connected  to  bells  in  the  station.  There 
is  installed  in  the  cover  of  each  transformer  a  small  heating  unit 
taking  200  watts  at  110  volts.  The  object  of  this  unit  is  to 
keep  the  air  in  the  top  of  the  transformer,  and  especially  the  spare 
transformer  when  not  excited,  a  little  above  the  temperature 
of  the  air  outside,  so  that  in  the  process  of  breathing,  which 
is  sure  to  be  present  to  some  extent  in  any  large  transformer 
subjected  to  var3dng  temperatures,  the  air  taken  in,  even  though 
heavily  laden  with  moisture,  will  have  that  moisture  vapor- 
ized by  coming  in  contact  with  the  warmer  air  inside,  rather 
than  being  ftirther  condensed  by  coming  in  contact  with  cooler 
air  inside,  which  latter  condition  would  occur  if  there  was  no 
artificial  heat  inside  the  cover  of  the  transformer. 

When  it  becomes  necessary  to  disassemble  a  transformer 
it  is  rolled  on  to  a  transfer  truck  upon  which  it  is  run  into  a  com- 
partment at  one  end  of  the  station  where  a  hoist  is  available 
of  sufficient  capacity  to  lift  and  remove  the  core.  Switch  hooks 
used  for  operating  the  disconnecting  switches  outdoors  are 
fitted  with  a  copper  cone  at  about  the  middle  of  the  handle, 
which  cone  is  grounded  when  the  hook  is  to  be  used.  All  the 
outdoor  aluminum  lightning  arrester  cans  are  painted  white 
to  overcome  a  difficulty  experienced  in  warm  climates  where 
the  absorption  of  the  sun's  heat  by  dark-colored  cans  has  raised 
the  temperature  of  the  electrolyte  of  the  arrester  to  a  point 
where  it  was  damaged.  Two  coats  of  white  paint  on  these 
cans  have  been  sufficient  to  keep  the  temperature  of  the  arresters 
below  the  danger  point  in  these  installations,  up  to  the  present 
time.  This  same  treatment  may  be  applied  with  similar  re- 
sults to  the  transformers  where  excessive  temperatures  are 
reached  on  account  of  the  sun's  direct  rays. 

•The  winter  weather  test  of  these  substations  has  already 
begun  and  the  results  so  far  observed  are  satisfactory.  The 
Chicopee  station  after  a  recent  sleet  storm  is  illustrated  in  Fig.  3. 

Each  outdoor  station  is  surrounded  by  an  iron  picket  fence 
and  all  the  equipment  is  set  on  concrete  foundations  extending 
below  frost  line  and  about  15  in.  (38.1  cm.)  above  the  final  level 
of  the  ground.  Thus  far  in  the  operation  of  these  stations 
nothing  has  occurred  which  indicates  any  important  point  of 
disadvantage  in  the  outdoor  arrangement,  except  that  some 
difficulty  was  at  first  experienced  in  keeping  the  joints  of  the 
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Fig.  2 — General  View — Agawau  Substation.  [huhtI 
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cooling  radiators  on  the  transformers  oil-tight,  due  to  the  wide 
range  in  temperature  to  which  they  were  subjected  every  24 
hours.  The  design  of  these  radiators  has  now  been  changed, 
and  the  new  radiators  have  thus  far  stood  the  test  of  wide  tem- 
perature  changes   without   developing   leaks. 

It  is  probable  that  in  practically  all  substations  of  the  same 
general  arrangement  as  these,  considerable  saving  can  be  ac- 
complished by  the  outdoor  arrangement  of  the  high-tension 
apparatus,  except  where  cost  of  land  is  very  high,  as  in  cities. 
There  is  no  reason  why,  with  proper  local  conditions,  a  con- 
siderable saving  cannot  be  accomplished  by  the  use  of  outdoor 
apparatus  at  generating  stations.  In  other  cases,  the  saving 
may  be  small  or  none  when  the  particular  arrangement  of  canal 
intakes  and  generator  rooms  is  such  that  only  a  small  additional 
expense  is  required  to  house  the  transformers  and  high-tension 
switching.  Bach  case  should  receive  special  consideration. 
There  appears  to  be  no  good  reason  for  using  outdoor  appa- 
ratus except  where  a  saving  in  first  cost  can  be  shown. 

Outdoor  apparatus  is  also  used  on  this  system  at  several  of 
the  consumers'  substations,  where  power  is  delivered  at  13,200 
volts  and  stepped  down  to  2300,  550,  440  or  other  voltages. 
Fig.  4  is  a  view  of  a  typical  station  of  this  kind  where  power 
is  delivered  at  13,200  volts  to  a  bank  of  three  250-kv-a.  oil- 
cooled,  single-phase  transformers,  and  stepped  down  to  2300 
volts  for  use  in  a  textile  mill. 

The  transformers  are  connected  to  the  13, 200- volt  circuit 
through  combination  horn-gap  arresters  and  choke  coils,  and 
horn-gap  disconnecting  switches,  and  the  power  is  metered  at 
13,200  volts  by  the  use  of  outdoor  ]3otential  transformers, 
indoor  current  transformers  under  shelter,  and  a  meter  in  a 
box  with  glass  cover.  The  tower  stands  approximately  20  ft. 
(6  m.)  high,  the  bottom  of  the  transformers  being  about  10  ft. 
(3  m.)  from  the  ground. 
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INDOOR  AND  OUTDOOR  SUBSTATIONS  IN 

PENNSYLVANIA 


BY  H.  L.  FULLERTON 


Abstract  op  Paper 

This  paper  covers  some  points  in  substation  design  for  installa- 
tions for  tne  lower  voltages,  including  choice  of  location,  type  of 
building  and  arrangement  of  electrical  apparatus. 

The  subject  is  treated  in  three  divisions,  namely:  customers* 
substations  fed  from  the  distribution  system,  customers*  sub- 
stations fed  from  the  transmission  system  and  company's  sub- 
stations. Attention  is  called  to  some  of  the  advantages  of  both 
the  outdoor  and  indoor  substations  for  each  of  the  different 
divisions. 

Points  to  be  considered  in  the  selection  of  locations  for  sub- 
stations are  outlined  and  several  types  of  buildings,  particu- 
larly the  one  of  concrete  slab  construction,  are  described.  At- 
tention is  also  called  to  different  arrangements  of  electrical 
equipments,  which  may  be  employed  for  installations  of  various 
sizes. 

Different  schemes  for  installing  high-tension  switchboard 
apparatus  are  considered,  attention  being  called  to  the  open  wire 
and  the  cell  structure  installations,  with  special  reference  to  the 
concrete  cell  structure  and  the  method  employed  in  its  construc- 
tion. 


THE  OBJECT  of  this  paper  is  to  cover  in  a  general  way 
outdoor  and  indoor  substations  of  voltages  up  to  and  in- 
cluding 20,000,  the  limit  being  drawn  at  20,000  volts  because, 
where  a  higher  transmission  voltage  than  this  is  used,  it  is 
necessary  to  transform  to  a  lower  voltage  on  entering  centers 
of  population.  I  intend  to  call  attention  to  some  of  the  main 
points  to  be  considered  in  determining  the  best  location  for  sub- 
stations for  various  purposes,  to  show  some  forms  of  substation 
buildings  which  can  be  used  under  various  conditions,  to  give 
some  of  the  advantages  of  the  outdoor  and  indoor  types,  and 
to  show  some  forms  of  electrical  installations  which  have  been 
used  to  meet  the  various  conditions  which  present  themselves 
in  substation  design. 

For  convenience  in  handling  the  subject,  I  shall  divide  it 
into  two  general  divisions: 

1.  Customers'  substations,  or  those  which  are  installed  on 
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the  customer's  premises  and  used  only  for  feeding  his  service. 
This  will  be  subdivided  into: 

(a)  Those  fed  from  the  regular  distribution  system. 

(b)  Those  fed  from  the  transmission  system. 

2.  Company's  substations,  or  those  which  are  installed  by 
the  company  at  a  center  of  load  and  used  to  deliver  service 
at  a  reduced  voltage  to  the  constmiers  within  that  district. 

Customers*  Substations  Fed  from  Distribution   System 

Unless  the  customer  is  along  the  line  of  a  low-tension  dis- 
tribution system,  it  is  necessary  to  install  a  substation  to  serve 
him  with  low- voltage  service.  This  substation  may  be  of  any 
size  from  a  small  transformer  on  a  pole  on  the  street,  to  a  large 
capacity  installation  in  a  regular  substation  room,  depending 
on  the  customer's  load.  The  probable  demand  of  the  cus- 
tomer determines  the  type  of  substation  to  be  installed,  and 
whether  it  be  fed  from  the  primary  distribution  mains  at  a 
medium  voltage  or  from  the  transmission  system  direct,  at 
the  higher  voltage.  It  is  impossible  to  handle  some  of  the  larger 
installations  economically  from  the  primary  distribution  system, 
which  is  usually  between  2000  and  5000  volts. 

Customers  whose  demands  are  small,  are  ordinarily  served 
by  installing  a  small  transformer  on  a  pole  adjacent  to  their  load. 
This  installation  is  very  simple  and  serves  quite  well,  until 
the  demand  requires  transformers  which  are  too  large  to  be  con- 
veniently handled  in  this  manner,  but  50  kw.  is  probably  about 
the  limit  for  this  type  of  construction.  When  the  demand 
is  above  this  point,  it  is  necessary  to  make  some  special  arrange- 
ment to  furnish  his  service.  If  the  location  is  such  that  room 
can  be  secured  on  the  customer's  premises,  the  transformers 
can  be  nicely  installed  on  ordinary  wooden  poles  something 
after  the  manner  shown  in  Fig.   1. 

In  this  arrangement  two  poles  are  placed  on  10-ft.  (3-m.) 
centers  and  a  platform  built  between  poles.  A  very  neat  ar- 
rangement can  be  made  of  the  wiring  on  both  the  primary  and 
the  secondary  side  and  the  construction  can  be  made  safe  both 
mechanically  and  electrically.  The  platform  is  constructed 
by  fastening  a  channel  to  each  side  of  the  pole  by  through 
bolts  and  building  thereon  a  wooden  floor.  The  limit  for  an 
installation  of  this  kind  is  about  three  50-kw.  transformers. 

Where  greater  capacity  is  required,  it  is  often  possible  to 
set  the  transformers  on  a  platform  on  the  ground,  enclosing  them 
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with  a  high  fence,  so  as  to  guard  against  persons  coming  in 
contact  with  electrical  apparatus. 

If  conditions  are  such  that  an  outside  location  cannot  be 
secured  for  the  transformers,  it  is  then  necessary  to  procure 
an  inside  location  and  build  a  transformer  vault  or  indoor 
substation.  Of  course,  the  customer  wants  the  transformers 
located  in  the  space  that  cannot  be  used  for  any  other  purpose, 
which  is  usually  in  the  basement  or  sub-basement,  and  below 
the  sewer  level,  while  the  rules  of  the  National  Board  of  Fire 
Underwriters  require  transformer  vaults  to  be  sewered,  also 
ventilated  to  the  outside  air.  It  quite  frequently  happens 
that  the  building  is  nearly  completed  before  the  architect 
remembers  that  a  transformer  vault  will  be  necessary,  unless 
some  representative  of  the  operating  company  impresses  very 
forcibly  upon  him  the  necessity  of  making  provisions  for  the 
same.  Then  the  only  available  location  is  in  some  out  of  the 
way  comer,  where  the  transformers  must  be  taken  in  through 
important  parts  of  the  building,  often  down  flights  of  stairs 
of  costly  construction  and  entirely  unsuited  for  the  passage 
of  heavy  apparatus.  When  a  freight  elevator  is  installed,  it 
is  usually  so  located  that  it  is  not  available  for  handling  the 
substation  equipment. 

If  the  architect  has  provided  a  transformer  vault,  it  is  usually 
about  one-half  the  size  that  is  necessary.  In  one  particular 
instance  that  I  recollect,  the  installed  transformer  capacity 
amounted  to  1125  kw.,  while  the  space  provided  by  the  archi- 
tect was  3  by  10  ft.  (0.9  by  3  m.),  in  which  he  expected  us  to 
place  both  the  transformers  and  switching  apparatus.  In 
case  no  vault  has  been  provided,  it  is  necessary  for  the  opera- 
ting company  to  make  the  installation,  which  must  be  made  in 
accordance  with  the  rules  of  the  National  Board  of  Fire  Under- 
writers, hence,  it  is  necessary  for  the  company  to  construct 
its  own  transformer  vault. 

Fig.  2  shows  a  fireproof  transformer  vault  which  has  been 
installed  in  a  building  in  which  the  architect  had  failed  to  make 
provision  for  the  transformers.  This  type  of  vault  has  given 
very  good  results,  where  used,  and  is  quite  pleasing  in  appear- 
ance and  cheap  and  easy  to  construct.  The  vault  is  built  up 
of  concrete  slabs  3  by  6  ft.  (0.9  by  1.8  m.)  and  2  in.  (5  cm.)  thick, 
and  an  iron  door  having  similar  dimensions.  The  slabs  and  the 
doors  can  be  prepared  in  the  shop  at  odd  times  and  kept  in 
stock  for  such  cases.     Two  or  three  men  can  easily  handle 
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these  slabs  and  erect  the  transformer  vault  in  a  short  time. 
A  vault  of  this  type  of  construction  can  be  made  in  any  siase 
from  3  ft.  by  3  ft.  (0.9  by  0.9  m.)  and  6  ft.  (1.8  m.)  high,  up, 
in  multiples  of  three.  It  is  portable,  being  simply  held  together 
at  the  comers  by  small  angles  and  can  readily  be  moved  in  case 
any  change  is  being  made  which  requires  its  removal.  The 
bolt  holes,  etc.,  in  the  slabs  are  cast  in  at  the  time  of  prepa- 
ration. As  will  be  noticed  from  Fig.  2,  this  construction  furn- 
ishes a  convenient  place  for  mounting  oil  switches,  instruments, 
etc.,  so  that  the  customer  can  operate  his  installation  without 
going  near  the  high-voltage  apparatus.  Neither  is  the  meter 
reader  in  any  danger  of  coming  in  contact  with  high-voltage 
wires,  when  making  his  monthly  calls. 

When  the  customer  builds  his  own  transformer  vault,  which 
is  usually  of  brick  or  terra  cotta  construction,  it  is  often  pos- 
sible to  have  him  build  in  the  wall  a  slate  slab  to  allow  of  the 
mounting  of  the  switches  and  watt-hour  meters  in  a  manner 
similar  to  that  shown  in  Fig.  2.  The  back  of  the  slab  should 
be  mounted  flush  with  the  inside  of  the  wall.  Where  the  slab 
is  mounted  in  a  13-in.  (33-cm.)  brick  partition,  the  switch  handles 
and  instruments  are  well  protected  by  the  surrounding  walls. 

Location  of  Transformers.  The  following  points  should  be  ob- 
served in  selecting  a  location  for  the  transformers: 

1.  Position  of  customer's  load. 

2.  Location  of  operating  company's  street  mains. 

3.  Accessibility  for  delivering  material. 

4.  Accessibility  for  operating  company's  employes. 

5.  Possibilities  of  ventilation  and  sewer  connection. 

In  the  selection  of  a  location  from  the  electrical  viewpoint, 
the  transformers  should  be  installed  as  near  as  possible  to  the 
center  of  the  customer's  load,  as  this  will  give  him  the  least 
investment  in  copper  and  the  best  regulation  to  his  various 
tablet  boards.  The  company's  street  mains  should  also  be 
considered.  It  is  very  desirable,  since  the  connection  is  usually 
made  with  underground  cable,  to  have  as  short  and  straight 
a  run  for  the  cable  as  is  possible. 

The  location  of  the  transformer  vault  should  be  such  that  the 
material  can  be  delivered  with  as  little  work  inside  the  cus- 
tomer's building  as  is  possible.  It  should  also  be  such  that  the 
company's  employes  can  have  access  at  any  hour  of  the  day 
or  night,  in  case  of  trouble  on  the  system.  Delays  caused  by 
inability  to  find  watchmen  or  building  superintendents  are  often 
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qtiite  serious.  Since  ventilation  and  sewer  connections  are 
required,  it  is  necessary  that  this  be  taken  into  account  in 
determining  the  vault  location  and  a  position  should  be  selected 
that  will  lend  itself  to  these  requirements. 

Comparison  of  Outdoor  and  Indoor  Installations.  Some  of 
the  advantages  of  the  outdoor  installations  are: 

1.  Less  cost  for  making  installation. 

2.  Usually  more  accessible  for  company's  employes  in  case 
of  trouble. 

3.  Less  difficulty  in  connection  to  company's  lines. 

4.  No  transformer  vault  required. 

5.  Better  ventilation. 

Some  of  the  advantages  of  indoor  installations  are: 

1.  Apparatus  more  accessible  for  inspection  or  repairs. 

2.  Less  danger  of  unauthorized  persons  interfering  with 
apparatus. 

3.  Customer  can  have  control  of  the  installation  on  the 
primary  side,  by  means  of  oil  switches,  if  desirable. 

4.  Apparatus  protected  from  weather. 

Customers'   Substations  Fed  from  Transmission    System 

When  the  demand  of  the  customer  is  so  great  that  he  cannot 
be  fed  from  the  regular  distribution  system,  it  becomes  necessary 
to  install  on  his  premises  a  substation  to  serve  him  from  the 
transmission  system,  which  may  be  of  any  voltage  from  5000 
up.  Where  space  can  be  secured  on  the  customer's  property, 
it  is  often  possible  to  supply  him  with  service  from  an  outdoor 
substation,  installing  switches,  lightning  arresters,  fuses,  etc., 
on  poles  and  locating  the  transformers  on  a  platform,  on  the 
grotmd,  or  on  a  suitable  structural  iron  tower  some  feet  above 
the  ground. 

Fig.  3  shows  a  200-kw.  outdoor  installation  in  which  the 
transformer  is  installed  on  a  concrete  foundation  between  two 
poles,  on  which  are  mounted  the  pole  top  switches,  fuses,  light- 
ning arresters,  etc.,  and  around  which  is  built  a  high  picket 
fence  with  a  couple  of  strands  of  barbed  wire  above  the  top  of 
the  pickets.  Entrance  is  gained  to  the  enclosure  through  a 
gate,  which  is  kept  locked.  This  is  about  as  inexpensive  an 
installation  as  it  is  possible  to  make  and  yet  it  has  very  satis- 
factorily furnished  service  to  this  brickyard  for  several  years. 
The  picket  fence  and  barbed  wires  are  even  a  better  protection 
to  the  installation  than  mounting  off  the  ground  on  towers, 
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as  shown  in  Fig.  4.  Bo)rs  are  not  so  apt  to  climb  the  picket 
fence  as  they  are  to  climb  the  towers. 

Fig.  4  shows  an  installation  in  which  the  transformers  are 
mounted  some  ten  or  twelve  feet  above  the  ground  on  a  struc- 
tural steel  construction,  the  top  of  the  tower,  like  the  poles 
in  the  previous  case,  being  used  for  mounting  the  switching 
apparatus.  This  makes  a  very  good  arrangement  up  to  the 
point  where  the  transformers  become  too  large  to  be  handled 
readily. 

Where  it  is  not  possible  to  secure  outdoor  space  or  when  ob- 
jection is  made  to  the  outdoor  installation,  the  apparatus  must 
be  installed  in  a  building  cither  erected  for  the  particular  pur- 
pose or  in  one  that  is  already  constructed  and  can  be  used  for 
the  installation.  Where  the  power  is  to  be  supplied  to  machines 
in  a  large  factory,  it  is  often  desirable  to  enclose  a  small  space 
for  substation  purposes  in  the  building  near  the  center  of  the 
load. 

Fig.  5  shows  the  inside  view  of  a  substation  erected  in  the 
center  of  a  large  screw  and  bolt  works.  The  building  is  of  steel 
and  corrugated  iron  construction.  The  high-tension  service 
is  brought  to  the  substation  through  cables  supported  from 
the  roof  of  the  building.  By  this  arrangement,  the  substation 
was  located  near  the  center  of  the  load  and  not  only  saved  the 
customer  considerable  on  his  copper  investment,  but  gave 
him  good  regulation  to  his  motors,  which  would  have  been 
impossible  with  the  substation  located  at  one  end  of  the  factory, 
at  a  point  which  he  had  selected  and  at  which  point  he  was 
very  determined  the  installation  should  be  made.  This  cus- 
tomer is  served  with  two  high-tension  lines,  his  running  load 
being  approximately  1000  kw.  Three  375-kw.,  single-phase 
transformers  controlled  by  automatic  oil  circuit  breakers  are 
used.  The  transformers  are  connected  to  the  bus  on  both 
the  high-  and  low-tension  sides  by  disconnecting  switches,  thus 
enabling  any  one  transformer  to  be  cut  out  for  either  inspec- 
tion or  repairs  without  interrupting  service.  The  customer's 
switchboard  and  motor- generator  set  are  located  in  one  end 
of  the  substation  building. 

In  another  case,  where  a  substation  was  built  in  the  center 
of  a  large  steel  mill,  it  so  happened  that  the  works  were  built 
on  either  side  of  a  street,  so  it  was  possible  to  locate  the  sub- 
station in  a  very  accessible  point  and  still  keep  to  the  center 
of  load.     The  substation  was  designed  so  that  it  would  be  able 
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to  handle  the  entire  power  requirements  of  the  mill.  When 
the  installation  was  first  made  the  demand  was  only  about 
400  kw.,  but  they  have  been  steadily  increasing  their  demand 
tmtil  they  now  have  connected  about  2500  horse  power  and  are 
making  inquiries  for  more.  Hence  is  emphasized  the  neces- 
sity for  designing  substations  so  that  additions  can  be  made 
from  time  to  time  as  the  customer's  demand  increases. 

It  is  usually  quite  difficult  to  make  the  customer  see  that  he 
should  allow  ample  space  in  his  substation,  so  that  increase 
in  size  of  apparatus  can  be  made  as  his  demand  requires.  Us- 
ually he  thinks  that  his  demand  will  be  small  and  that  you 
are  requiring  him  to  give  up  space  much  too  large  for  your 
purposes. 

Where  the  customer's  demand  is  of  any  considerable  size 
it  has  been  found  quite  desirable  to  install  check  meters  on 
his  service,  the  average  of  the  two  meters  being  taken  as  his 
consumption.  When  there  is  a  difference  of  about  2  per  cent 
in  their  readings,  the  meters  are  recalibrated. 

The  following  points  should  be  observed  in  selecting  loca- 
tions for  and  in  designing  customers*  substations: 

1.  The  installation  should  be  as  near  as  possible  to  the  center 
of  the  customer's  load. 

2.  The  installation  should  be  at  a  i)oint  where  it  will  be  least 
in  the  customer's  way,  and  still  be  accessible  to  the  opera- 
ting company. 

3.  If  outdoors,  the  installation  should  be  well  enclosed,  so 
as  to  prevent  unauthorized  persons  from  getting  into  danger. 

4.  The  design  should  be  such  that  additions  and  repairs  can 
be  made  to  the  equipment  with  the  least  possible  interruption 
to  the  customer's  service. 

5.  The  design  of  the  building  should  be  such  as  to  allow  of 
the  ready  changing  of  transformers  as  demand  requires. 

6.  The  source  of  power  should  be  such  as  to  give  him  the  most 
reliable  conditions  of  service.  Customers  who  are  vitally  ef- 
fected .by  outages  should  be  furnished  with  emergency  service. 

7.  Apparatus  should  be  so  arranged  that  the  customer  can 
handle  his  own  switching  at  the  direction  of  the  operating 
company. 

8.  Installation  should  be  made  as  well  insulated  and  as  nearly 
fool-proof  as  possible,  since  it  is  usually  operated  by  men  un- 
familiar with  high-tension   current. 
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Comparison  of  Outdoor  and  Indoor  Installations.  In  cus- 
tomers' substations  the  field  for  the  outdoor  installations  seems 
to  be  with  the  smaller  isolated  customer,  where  he  has  vacant 
space  about  his  plant.  Where  the  larger  installations  are  made, 
the  outdoor  type  does  not  seem  so  well  adapted. 

Some  of  the  advantages  of  outdoor  installations  are: 

1.  No  cost  for  new  buildings. 

2.  No  sj^ace  required  in  customer's  present  buildings. 

3.  All  high-tension  current  kept  outside  of  customer's  build- 
ings. 

Some  of  the  advantages  of  indoor  installations  are: 

1.  More  reHablc  switching  equipment  can  be  installed. 

2.  Better  facilities  for  inspection  and  repair. 
.S.  Apparatus    protected    from    weather. 

4.  Switching  can  be  handled  more  easily  by  customer. 

5.  Less    danger    of    accident    to    public. 

6.  Safer  arrangement  of  apparatus  possible. 

Company's  Substations 

Where  the  operating  company  generates  its  power  at  a  large 
central  station,  which  is  usually  at  a  point  quite  remote  from 
the  demand,  or  where  it  purchases  power  from  some  trans- 
mission company,  it  is  necessary  for  it  to  receive  current  at  a 
much  higher  voltage  than  that  at  which  it  can  distribute  to 
the  small  light  and  y)()wer  consumers,  hence,  it  is  obliged  to 
install  a  substation  to  transform  the  jMDwer  from  the  trans- 
mission voltage  to  a  lower  distributing  voltage.  The  size  of 
this  substation,  of  course,  depends  upon  the  character  of  the 
district  to  be  served,  which  may  be  anything  from  a  small 
suburban  town,  having  a  small  demand,  to  the  thickly  populated 
power  district  hax'ing   several   thousand  kilowatts  demand. 

When  it  has  been  decided  that  the  time  is  ripe  for  a  sub- 
station in  a  certain  district,  one  of  the  most  important  and  by 
no  means  the  easiest  problem  is  the  selection  of  a  location. 
Some  of  the  i[)oints  which  should  be  considered  in  making  a 
selection  are : 

1.  Location  of  the   present   load. 

2.  Future   development   of   the   district. 

3.  Distance  from  existing  substations  on  the  system. 

4.  Outlet  from  the  substation  for  the  various  feeders. 

5.  Street  frontage. 

The  above  points  del  ermine  the  geographical  location  for 
tJie  substation  in  the  district.     It  is  not  always  best  to  locate 


VOL.   XXXIII,   1114 


1914]  FVLLERTO^:  SUBSTATIONS  19 

in  the  center  of  the  existing  load,  as  the  tendency  may  be  to- 
ward development  in  one  particular  direction  due  to  natural 
conditions  in  this  section.  Again,  the  demand  may  be  too  close 
to  an  existing  substation  to  warrant  a  second  one,  therefore, 
it  may  be  advisable  to  Icfcate  to  one  side  of  the  present  load, 
and  be  in  a  better  position  to  handle  the  growth  outward  from 
the  present  substations. 

The  outlet  from  the  substation  should  be  given  considerable 
attention;  if  aerial  lines  are  to  be  installed,  a  location  such  that 
it  is  possible  to  feed  in  at  least  two  directions  should  be  selected, 
and  a  comer  lot  would  be  preferable,  where  the  lines  could  ra- 
diate from  the  substation  in  four  directions.  This  means  that 
the  pole  line  from  the  substation  will  not  be  so  heavily  loaded 
as  if  only  one  outlet  were  available.  Even  though  it  be  an 
undergroimd  district,  it  is  quite  desirable  to  have  several  out- 
lets and  save  congestion  in  subways. 

Substation  Buildings. — Probably  one  of  the  least  expensive 
buildings  suitable  for  substation  purposes  is  that  made  of 
structtural  steel  and  corrugated  iron,  but  while  this  building 
is  comparatively  low  in  cost,  its  life  is  also  comparatively  short, 
and  on  the  whole  it  is  not  very  desirable. 

A  type  of  building,  which  compares  very  favorably  in  cost 
with  one  of  steel  and  corrugated  iron,  but  which  has  much 
greater  life,  is  shown  in  Fig.  6.  This  building  is  simply  an  en- 
largement of  the  slab  transformer  vault  construction  referred 
to  earlier  in  this  paper.  It  is  built  up  of  structural  steel  on 
whicharel>olted  two-in.(5-cm.)  reinforced  concrete  slabs  of  stand- 
ard size;  the  roof  is  also  made  of  these  slabs,  supported  by  the 
framework  of  the  building.  The  concrete  roof  is  covered  by 
a  tar  paper  and  gravel  roofing.  About  a  six-in.  (15.2  cm.) 
slope  to  the  12-ft.  (3.6  m.)  width  is  allowed.  Steel  sash,  wire- 
glass  windows  and  steel  louvres  are  used.  For  air  supply,  a 
section  of  concrete  is  left  off  one  or  two  of  the  lower  slabs, 
leaving  the  expanded  metal  reinforcing  exposed.  This  allows 
a  free  inlet  of  air  and  at  the  same  time  prevents  large  objects 
from  entering.  Regular  1^-in.  (3.8  cin.)  expanded  metal  is 
used  in  the  construction  of  the  slabs. 

This  building  compares  very  favorably  in  appearance  with 
that  of  the  average  garage  or  out-building  whicli  may  he  found 
on  back  streets  or  alleys,  and  makes  a  firei)roof  construction. 
It  is  also  portable  and  can  be  used  to  good  advantage  at  a 
location  from  which  its  removal  at  some  future  time  may  be 
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desired.  This  building  is  12  by  18  ft.  (3.6  by  5.4  m.)  and  15  ft. 
(4.5  m.)  high.  In  it  are  installed  three  250-kw.  transformers 
serving  four  2200-volt  feeders. 

Where  a  better  type  of  building  is  required,  brick  or  stone 
is  usually  used  in  the  construction  and  as  elaborate  a  design 
as  is  desired  can  be  utilized.  By  the  use  of  rock  faced  brick 
and  sawed  stone,  a  building  very  pleasing  in  appearance  can 
be  constructed  at  a  reasonable  cost. 

The  cost  of  buildings,  or  their  equivalents,  for  substation 

purposes  varies  so  widely,  due  to  location  and  cost  of  labor, 

that  it  is  impossible  to  give  an  estimate  that  would  meet  all 

conditions;  however,  I  am  giving  a  relative  value  to  the  various 

types,  taking  as  a  unit  the  least  expensive  installation — that 

with  the  outdoor  apparatus  installed  on  a  concrete  platform 

and  enclosed  by  a  fence. 

Concrete  foundations,  poles,  picket  fence . . .  (Fig .  3 . )     1 .00 

Structural  steel  tower (Fig .  4 . )     2 .  25 

Steel  and  corrugated  iron  building    (12  by  18  ft) ... .     4 .50 

Steel  and  concrete  slab  building  •     •     ■   6 .75 

Ordinary  red  brick  building  •     •     •   15 .00 

Rock  faced  brick  and  sawed  stone       *     *     *   25. 00 

Substation  Installations.  Like  the  buildings,  the  electrical 
installation  has  a  very  wide  range  of  possible  combinations. 
The  outdoor  substation  is  the  cheapest,  especially  where  no 
switching  or  regulating  apparatus  is  required.  However,  it 
does  not  seem  particularly  well  suited  for  installations  where 
there  is  small  apparatus  such  as  instruments,  oil  switches, 
feeder  regulators,  etc.,  which  should  be  housed.  Of  course, 
it  would  be  possible  to  put  the  transformers  and  high-tension 
apparatus  on  the  outside,  erecting  a  building  for  the  housing 
of  the  low-tension  apparatus.  Installations  of  this  type  have 
been  made  and  work  out  very  nicely  for  the  small  demands, 
but  the  present  designs  for  outdoor  switching  apparatus  for 
10,(X)0  and  20,000  volts  are  not  such  as  to  allow  of  very  large 
installations   being  made   along   these  lines. 

It  frequently  happens  that  a  transmission  line  may  pass  by 
a  small  hamlet  or  power  customer  from  which  a  small  revenue 
can  be  procured  and  still  the  income  will  not  justify  making  a 
very  expensiye  substation  installation.  This  class  of  business 
can  be  taken  care  of  by  an  outdoor  substation.  By  an  in- 
stallation of  this  kind  the  town  is  furnished  with  electric  light, 
which  it  may  very  much  desire,  and  the  operating  company 
receives  a  small  revenue  from  a  district  which  would  not  allow 
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of  the  installation  of  a  regular  substation  building  and  appar- 
atus. Fig.  7  shows  an  installation  of  this  type.  The  trans- 
formers are  mounted  on  a  tower  construction  some  feet  above 
the  ground.  Pole  top  switches,  fuses,  etc.,  are  used,  no  reg- 
ulators or  switches  being  installed  on  the  low-tension  side. 
If  regulators  are  necessary,  the  outdoor  pole  type  can  be  used. 

Diagram  i4,  Fig.  15,  shows  the  wiring  of  this  installation. 
The  apparatus  is  connected  to  the  transmission  line  through 
a  switch  and  fuse,  a  choke  coil  and  ground  horn  being  inserted 
between  the  switch  and  fuse. 

Diagram  C  shows  the  wiring  of  the  installation  made  in  the 
concrete  slab  building  shown  in  Fig.  6.  The  transformers  are 
protected  by  high-tension  fused  circuit  breakers  which  also 
act  as  disconnecting  switches  for  the  incoming  transmission 
lines,  the  transformers  being  connected  directly  to  the  high-ten- 
sion bus.  On  the  low-tension  side  each  circuit  is  controlled 
by  an  oil  switch  and  fuse.  Lightning  arresters  are  mounted 
on  the  poles  outside  the  building. 

Neither  of  the  above  installations  can  really  be  said  to  have 
a  high-tension  switchboard.  This  is  scarcely  necessary  where 
the  substation  is  small  and  is  fed  by  only  one  or  two  trans- 
mission lines.  Where  the  substation  is  important  enough  to 
have  feeders  from  separate  power  houses,  or  where  it  is  used 
as  a  switching  station  for  high-tension  lines,  it  is  necessary  to 
install  some  type  of  high-tension  switchboard. 

The  simplest  and  probably  the  cheapest  installation  that  can 
really  be  called  a  switchboard  is  the  open  wire  type.  Fig.  8 
shows  a  fair  example  of  this  type  of  construction.  The  oil 
switches  are  mounted  in  concrete  cells,  while  the  busbars,  dis- 
connecting switches,  etc.,  are  mounted  on  framework  above 
the  switch  structure.  The  spacings  of  the  wires  are  kept  at 
12  in.  (30.4  cm.)  or  better  for  opposite  polarities.  Cambric- 
insulated  flameproof  wire  is  used  throughout.  Disconnect- 
ing switches  are  installed  on  both  the  high-tension  and  low- 
tension  sides  of  the  transformers,  so  that  one  transformer  can 
be  disconnected  without  interfering  with  the  service.  Where 
open  wiring  is  used,  it  is  always  painted  a  standard  color, 
such  as  red  for  11,000  volts,  drab  for  2200  volts  and  white  for 
110  volts,  and  this  arrangement  of  colors  is  adhered  to  through- 
out the  system.  , 

Diagram  J8,  Fig.  15^  shows  the  wiring  of  a  layout  of  this  type. 
Both  incoming  and  outgoing  lines  feed    through    oil    circuit 
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breakers  to  the  high-tension  bus.  Disconnecting  switches 
are  always  installed  on  each  side  of  the  oil  breakers. 

Fig.  9  shows,  in  section,  the  arrangement  for  a  double-bus 
open  wire  construction.  The  double  bus  arranKement  is  nec- 
essary where  different  combinations  of  high-tension  lines  are 
desired.  This  installation  is  very  compact,  yet  all  wires  have 
ample  clearance  for  Ixjth  safety  and  ease  of  construction  and 
repairs. 

The  next  step  toward  safety  is  the  use  of  the  cell  structure. 


In  this  arrangement  all  wires  are  separated  by  barriers  of  some 
description;  soapstone,  slate,  concrete,  ebony  wood  are  some 
of  the  materials  generally  used.  I  will  touch  only  on  the  use 
of  concrete.  This  is  probably  the  cheapest  and  gives  a  grounded 
surface  for  mounting  the  equipment,  thus  depending  entirely 
upon  the  insulation  of  the  apparatus. 

When  the  cell  structure  is  referred  to,  we  usually  think  of 
something  quite  massive,  but  it  is  sometimes  desirable  to  erect 
a  cell  structure  and  at  the  same  time  economize  floor  space. 
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Pig.  10  shows,  in  section,  a  double  bus  installation  in  which 
the  busbars,  series  transformers,  fuses  and  most  of  the  dis- 
connecting switches  are  mounted  in  compartments.  The  roof 
trusses  are  built  through  the  cell  structure,  so  that  most 
of  the  available  space  is  utihzed.  The  lines  enter  through 
roof  tubes  between  the  vertical  cell  barriers.  Connections  to 
and  from  the  oil  switches  are  made  with  cambric-insulated  wire 


Fig.  10 


in  fiber  conduit  mounted  in  the  concrete  wall.  To  the  right  in 
the  figure,  the  2200- volt  feeder  switchboard,  built  in  a  double 
deck  arrai^ement,  is  shown. 

On  the  roof  of  the  station  are  the  outdoor  electrolytic  light- 
ning arresters.  A  ladder  is  provided  at  the  end  of  the  build- 
ing for  use  in  getting  to  the  roof  to  operate  the  arrester  equipment , 

Diagram  D,  Fig.  15,  shows  the  wiring  of  this  station.     The 
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lines  feed  in  through  oil  switches  to  selector  type  disconnect- 
ing switches,  and  thence  to  each  of  the  buses.  One  bus  is 
sectionaHzed  so  that  some  of  the  lines  ordinarily  feed  through 
to  other  substations  entirely  independent  of  the  load  in  this 
station. 

Figure  11  shows  the  inside  view  of  this  station,  with  the 
high-tension  concrete  structure  to  the  left  and  the  2200-volt 
incandescent  feeder  switchboard  to  the  right.  In  the  construc- 
tion of  this  feeder  switchboard,  remote -control  oil  switches 
were  used,  which  means  all  2200-volt  apparatus  was  kept  away 
from  the  switchboard  jianels.  Automatic  voltage  regulators 
were  used  on  each  feeder. 

A  more  elaborate  concrete  structure  is  that  shown  in  Figs. 
12  and  13.  Fig.  12  shows  the  front  view  of  the  concrete  struc- 
ture and  Fig.  13  the  section  of  a  double  bus  switchboard. 
All  circuits  are  connected  to  each  bus  through  remote-control 
oil  circuit  breakers.  The  insulators  supporting  the  bus  also 
make  connection  between  the  bus  and  the  connections  to  the 
disconnecting  switches.  The  switchboard  panel  is  directly 
in  front  of  each  high-tension  panel,  thus  allowing  the  use  of 
hand-operated  oil  circuit  breakers. 

In  the  structure,  notice  the  location  of  the  oil  switch  at  the 
bottom.  This  is  made  possible  by  the  use  of  single-conductor 
lead  cable  clamped  to  the  concrete  and  connecting  the  upper 
disconnecting  switch  with  the  oil  circuit  breaker.  The  hori- 
zontal barriers  between  buses  are  hung  from  the  center  web 
of  the  structure  without  any  supporting  posts  at  the  outer  edge. 
This  allows  of  ready  access  to  the  buses.  Space  was  also 
particularly  valuable  in  this  case,  as  is  indicated  by  the  posi- 
tion of  the  roof  truss.  Provision  is  made  for  adding  larger 
switches  in  series  with  the  present  ones  on  the  main  floor  at  some 
future  time.  This  switchboard  serves  not  only  for  substation 
purposes,  but  is  a  distribution  board  for  high-tension  circuits 
to  other  substations. 

Diagram  E,  Fig.  15,  shows  the  wiring  of  this  switchboard. 
All  circuits  arc  double-throw  on  either  bus.  The  buses  are 
sectionalized  by  disconnecting  switches  to  allow  of  greater  flex- 
ibility in  switching.  The  transmission  lines  can  be  operated 
in  multiple  or  separately,  each  one  feeding  its  own  section  of 
load.  By  operating  separately,  trouble  on  one  section  will 
not  generally  affect  the  other  parts  of  the  system. 
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I  cannot  pass  the  subject  of  concrete  cell  structure  without 
a  few  words  regarding  the  method  of  construction.  The  usual 
method  of  building  these  cell  structures  is  by  erecting  forms 
and  pouring  the  concrete,  using  reinforcing  rods  where  neces- 
sary.    Owing  to  the  difficulty  of  securing  a  uniform  and  smooth 


job,  we  have  digressed  a  little  from  the  usual  method  and  are 
building  an  expanded  metal  framework  and  plastering  the  con- 
crete body  onto  it.  The  thickest  portions  plastered  are  three 
inches.  The  scratch  coat  contains  a  small  quantity  of  hair,  the 
remaining  coats  being  pure  cement  and  sand.    The  fiittsteti^ 
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coat  is  of  Keen  cement,  which  gives  a  hard,  white,  smooth 
surface.  In  the  finishing  coat,  a  small  quantity  of  lime  is  used 
to  make  the  cement  work  more  smooth. 

Figtire  14  gives  an  idea  of  the  method  of  constructing  the 
expanded  metal  framework.  Angles  are  used  in  the  heavy 
barriers  and  small  channels  are  riveted  or  tied  to  these,  the 
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Fig.  16 

expanded  metal  being  wired  to  this  skeleton  framework.  Where 
the  structure  is  built  as  in  Fig.  11,  the  reinforcing  is  keyed  in- 
to the  main  wall. 


Comparison   of   Outdoor   and    Indoor   Installations 

In  company  substations,  the  field  for  the  outdoor    instal- 
lation seems  to  be  with  the  small  towns  which  can  be  picked  up 
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along  the  route  of  the  transmission  system  without  considerable 
line  extension.  Where  larger  municipalities  are  handled,  it 
is  usually  desirable  to  install  emergency  service  which  requires 
more  or  less  high-tension  switching,  and  an  indoor  substation 
is  usually  desirable. 

Some  of  the  advantages  of  an  outdoor  installation  are: 

1.  Little  or  no  cost  for  building. 

2.  Less  cost  for  high-tension  apparatus. 

Some  of  the  advantages  of  an  indoor  installation  are: 

1.  All  apparatus  protected  from  weather. 

2.  Greater  ease  of  inspection  and  repair. 

3.  Less  depreciation  on  equipment. 

4.  Less  danger  of  accident  to  inquisitive  persons. 

5.  More  reliable  high-tension  apparatus  prociu-able. 

6.  Safer   high-tension   construction   possible. 


PfuuUd  nitk€2d  MidwinUr  Conttntion  of  the 
Awuncmn  lusHtmie  of  EUctfical  Engineers. 
New  York,  February  25.  1914.  under  the  aus- 
fkes  of  the  Electric  Power  Committee. 

Copyright  1914.     By  A.I.E.B. 


OUTDOOR  SUBSTATIONS  IN  THE  MIDDLE  WEST 


BY  LESLIE  L.  PERRY 


Abstract  op  Paper 

Conditions  in  the  Middle  West,  particularly  in  the  agricul- 
tural districts,  have  often  been  such  as  to  necessitate  the  con- 
struction of  small  33,000-volt  outdoor  substations  in  order  to 
make  the  supply  of  current  commercially  practicable. 

These  stations  have  been  constructed  with  very  simple  switch- 
ing and  protective  equipment,  and  economy  of  design  and  pro- 
tection to  the  main  line  have  been  the  dominating  feature  of  de- 
sign. 

Operation  of  such  stations  has  been  successful  and  they  are  of 
great  benefit  to  the  communities  served. 

Improvement  in  lighting  and  overload  protection  is  looked  for. 


rE  CONDITIONS  in  such  states  of  the  Middle  West 
as  Illinois,  Indiana,  and  Kentucky,  are  very  favorable  to 
the  use  of  small  outdoor  substations.  Many  of  these  have  been 
built  during  the  last  year,  and  more  undoubtedly  will  be  built  in 
the  next  few  years.  There  is  little  very  high-tension  trans- 
mission within  300  miles  (482.8  km.)  of  Chicago,  but  there  is 
a  large  amount  of  22,000-volt,  33,000-volt,  and  some  50,000- 
volt  transmission.  These  lines  for  the  most  part  serve  dis- 
tricts that  are  not  densely  populated.  In  many  sections,  par- 
ticularly in  Illinois,  the  communities  are  almost  purely  agricul- 
tural, with  only  those  small  industries  associated  directly  with 
agriculture. 

In  the  manufacturing  States,  particularly  in  New  England, 
oftentimes  a  factory  or  mill  can  readily  supply  electricity  made 
either  by  water  power  or  steam  on  a  moderate  investment  cost 
and  with  a  very  low  operating  expense.  But  many  of  the 
richest  agricultural  districts  of  the  Middle  West  are  without  small 
reliable  water  powers,  and  cheap,  economical  steam  plants  are 
impossible   under  the  conditions. 

Many  towns  of  2000  people  have  three-fourths  of  their 
people  within  a  radius  of  a  mile  (1.6  km),  and  the  entire  elec- 
trical business  of  one  of  these  towns  may  not  warrant  the  ex- 
pense  of  more  than  a  single  man  devoting  his  entire  attention 
to  electric  service.     Where,  as  occasionally,  local  plants  have 
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been  built,  they  usually  have  rendered  very  indifferent  service, 
and  seldom  operate  throughout  the  24  hours.  With  a  distri- 
bution system  of  33,000  volts  nearby,  of  course  continuous 
service  can  be  readily  given;  but  in  order  to  make  such  service 
conmiercially  possible,  investment  and  operating  costs  must 
be  kept  within  the  lowest  reasonable  limits. 

It  frequently  happens  that  such  local  plants  as  exist  have 
not  enough  floor  space  or  headroom  to  house  33,000-volt  ap- 
paratus, and  in  other  cases  there  are  no  suitable  buildings,  so 
that  immediately  there  comes  up  the  question  of  building  in- 
vestment. 

In  the  climate  of  Chicago,  it  is  the  opinion  of  many  engineers 
that  somewhat  more  reliable  operation  will  be  had  with  indoor 
apparatus,  and  where  housing  has  to  be  provided  for  consider- 
able apparatus,  such  as  street  lighting  equipment,  feeder- 
regulators,  and  perhaps  a  motor-generator  or  a  synchronous 
converter,  the  size  of  the  load  and  the  number  of  customers 
served  warrants  a  new  building.  Of  course,  with  voltages  of 
60,000  and  above,  the  indoor  station  would  not  be  possible 
where  it  can  be  used  at  33,000.  Where  the  load  is  below  300  kw. 
it  is  often  considered  that  on  voltages  of  33,000  and  above, 
the  cost  of  any  high-tension  oil  switch  and  aluminum  cell  arrester 
is  not  warranted,  so  that  very  simple  outdoor  high-tension  switch- 
ing and  protective  gear  with  the  outdoor  type  transformers 
make  a  substation  equipment  well  adapted  to  the  requirements. 
Where  no  indoor  space  is  available,  just  enough  housing  is  pro- 
vided to  protect  a  low-tension  oil  switch,  a  watt-hour-meter, 
ammeter,  and  voltmeter,  with  space  for  a  street  lighting  regulator 
if  required. 

While  many  stations  have  supporting  frames  built  of  wood, 
undoubtedly  more  and  more  of  them  will  be  built  of  steel.  At 
first  thought  one  would  consider  the  wood  much  cheaper;  but 
taking  into  account  that  the  steel  structtire  can  be  built  by 
efficient  shop  labor  with  minimum  erecting  costs,  while  the  wood 
structure  requires  the  less  efficient  field  labor,  and  does  not  have 
the  reliability,  life,  or  freedom  from  fire  risk  that  the  steel  does, 
it  will  be  found  the  wood  structure  is  not  any  cheaper. 

A  station  to  handle  three  50-kw.  transformers  can  be  sup- 
ported on  a  tower  with  a  six-foot  (1.8-m.)  base  as  shown  in  Fig.l. 
A  six-foot  square  house  of  galvanized  iron  or  heavy  sheet  steel 
is  ample  for  most  requirements  and  accommodates  a  2300- 
volt  low- tension  panel  as  shown  in  Fig.  2,  and  incandescent 
outfit    for    street    lighting. 
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These  substations  are  connected  to  transmission  lines  sup- 
plying substations  of  larger  size,  say  600  kw.  per  station  and 
above;  provision  should  therefore  be  made  to  automatically 
cut  free  these  outdoor  substations  from  the  transmission  lines 
in  case  trouble  develops  in  the  small  station.  Hence,  in  the 
supply  of  power  to  the  small  rural  station,  the  chief  requisites 
to  be  met  are:  1,  economy  of  design,  2,  protection  to  the  main 
line,  and  3,  reliability  of  service  in  so  far  as  the  elements  of  the 
outdoor  station  itself  are  concerned. 

Up  to  the  present  these  stations  have  been  very  successful. 
The  problems  of  overload  and  lightning  protection  have  been 
solved  with  reasonable  success,  but  unquestionably  improve- 
ment can  be  made  in  these  directions.  In  the  absence  of  better 
devices  of  reasonable  cost,  either  the  plain  wire  fuses  on  horn 
gaps,  or  the  liquid  high-tension  fuses  with  or  without  horn  gaps, 
have  been  chiefly  used  for  protecting  the  line,  reliance  being 
placed  on  the  low-tension  devices  for  overload  on  the  substation 
itself. 

For  lightning  protection  a  ground  gap  has  been  used,  and  the 
substation  fuse  is  so  mounted  as  to  protect  the  line  when  the 
line  current  too  freely  follows  the  lightning.  Choke  coils  are 
used  in  the  transformer  leads. 

In  designing  such  stations  it  should  be  remembered  that 
they  will  often  be  in  the  hands  of  inexperienced  operators,  and 
hence  every  precaution  should  be  taken  to  permit  proper  atten- 
tion by  ordinary  emergency  men;  for  this  reason  many  sta- 
tions have  been  built  with  disconnecting  switches  on  a  separate 
pole  with  lever  gear  such  that  the  switch  can  be  operated  by 
any  intelligent  man.  With  this  arrangement  fuses  can  be 
replaced  or  defective  transformers  exchanged  on  a  structure 
absolutely  without  any  live  wires  connected  to  it. 

In  moimting  the  transformers  well  above  ground,  due  re- 
gard has  been  paid  to  keeping  the  high-tension  apparatus  as 
free  as  possible  from  interference  by  careless  or  inquisitive 
boys,  marauding  animals,  or  the  washerwoman's  >\dnd-blown 
laimdry. 

Sufficient  success  has  been  attained  to  demonstrate  that 
by  using  these  small  outdoor  stations  good  electric  service  can 
be  supplied  rural  communities  at  attractive  prices,  and  the 
central  stations  and  the  manufacturers  are  rendering  true 
public  service  in  reaching  communities  otherwise  unable  to 
benefit  by  central  station  service. 
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Discussion  on  "  Outdoor  vs.  Indoor  Substations  "  (Ma- 
comber),  "  Outdoor  Substations  in  New  England  " 
(Hunt),  "  Indoor  and  Outdoor  Substations  in  Penn- 
sylvania '*  (Fullerton)  and  "  Outdoor  Substations 
in  the  Middle  West  "  (Perry).  New  York,  February 
25,  1914. 

A.  H.  Kruesi:  The  time  has  passed  for  the  discussion  of  the 
design  of  outdoor  stations,  and  we  must  get  down  to  the  results  of 
experience.  The  difference  in  cost  generally  between  an  indoor 
and  an  outdoor  substation,  taking  bmldings,  equipment  and  steel 
structtires,  wiring,  installation  J  etc.,  all  into  account,  is  generally 
not  very  large. 

Mr.  Hunt  states  that  for  the  case  he  describes  the  difference 
is  only  about  11  per  cent.  That,  I  think,  means  that  the  outdoor 
substation  should  be  restricted  to  comparatively  small  instal- 
lations, like  those,  for  example,  which  serve  a  single  factory  or 
industry.  I  think  that  for  a  substation  which  might  cost  any- 
where from  $20,000  to  $50,000,  a  saving  of  $2000  to  $5000  is 
altogether  trifling,  compared  with  the  continuity  of  service 
which  a  city  has  the  right  to  demand  of  a  public  service  company, 
and  that  for  such  a  small  saving  one  would  not  be  warranted  in 
going  to  the  outdoor  construction  if  it  can  be  shown  that  the  risk 
of  interruption  due  to  the  outdoor  location  of  the  apparatus  is 
materially  greater. 

Two  of  these  papers  show  photographs  of  outdoor  stations  for 
industrial  plants  using  steel  towers  with  the  transformers  placed 
on  platforms  on  the  towers.  That  makes  the  towers  more  ex- 
pensive, due  to  the  dead  load,  and  the  wind  load,  and  I  wonder 
if  the  transformers  are  put  upon  the  platform  as  a  matter  of 
habit,  because  we  have  been  hanging  transformers  on  poles,  or 
whether  any  real  good  is  accomplished  by  having  them  up  in  the 
air.  It  costs  more  money,  and  in  an  emergency  such  as  a  bum- 
out  of  a  transformer  it  will  require  more  time  and  money  to  take 
the  defective  transformer  down  and  put  a  new  one  in  its  place. 

A.  R.  Smith:  The  outdoor  station  is  now  some  years  old,  and 
there  are  many  of  various  capacities  in  existence,  apparently 
giving  satisfaction.  The  relative  merits  of  the  two  types  have 
frequently  been  discussed  in  a  general  way.  What  we  want  now 
are  some  records  of  actual  operating  troubles  in  different  climates. 

The  reason  for  the  existence  of  the  outdoor  station  is  economy, 
and  there  is  no  doubt  that  in  many  cases  economy  has  resulted 
from  the  adoption  of  the  outdoor  station.  There  is,  likewise, 
no  doubt  that  many  have  been  deceived  in  believing  that  they 
economized  in  resorting  to  the  outdoor  design. 

The  writer  believes  that  there  is  a  field  for  outdoor  stations, 
and  that  the  small  transformer  station  of  any  potential  without 
oil  switches  or  attendants,  and  the  large  transformer  or  switching 
station  of  60,000  volts  and  above,  represent  the  two  classes  where 
economy  in  first  cost  can  be  shown.     However,  the  saving  in  the 
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latter  is  largely  a  matter  of  the  system  of  connections  adopted. 

There  are  many  considerations  as  regards  the  choice  between 
the  indoor  and  outdoor  station  which  have  not  been  generally 
discussed  and  which  the  writer  would  like  to  suggest,  with  the 
hope  that  further  data  will  be  forthcoming.  In  fact,  engineers  in 
general  are  uncertain  as  to  which  policy  should  be  pursued,  and 
more  enlightenment  on  the  subject  will  enable  us  to  proceed  along 
delSnite  lines  with  much  greater  assurance. 

Oil-cooled  transformers.  The  capacity  of  an  oU-cooled  trans- 
former is  wholly  dependent  on  the  area  of  radiating  surface  and 
the  rate  of  heat  transmission  per  imit  of  surface.  The  tempera- 
ture of  the  transformer  case  when  exposed  to  the  sun  may  be  from 
15  to  20  deg.  fahr.  hotter  than  if  protected  from  the  sun's  rays. 
If  the  temperature  of  the  oil  is  135  deg.  fahr.  and  that  of  the  case 
is  115  deg.  fahr.,  the  difference  of  20  deg.  gives  the  factor  of  heat 
transmission.  Now,  if  the  case  were  shaded,  the  difference  would 
be  from  35  to  40  deg.,  which  means  that  the  outdoor  transformer 
has  to  be  much  larger. 

It  has  been  suggested  that  the  transformer  tanks  be  painted  a 
light  color  to  retard  the  heat  absorption,  and  this  should  be  effec- 
tive; but  the  radiation  of  heat  from  the  tank  to  the  air  is  some- 
thing like  a  ratio  of  14  to  19  for  light  and  dark  colored  surfaces, 
so  that  the  net  gain  is  a  question. 

The  radiation  is  also  directly  affected  by  the  velocity  of  air  due 
to  the  convection  currents  caused  by  the  heat  emitted  from  the 
transformer.  In  the  case  of  an  outdoor  transformer  the  height  of 
the  chimney  effect  is  approximately  the  height  of  the  transformer, 
as  the  heated  air  is  immediately  diffused  after  leaving  the  top  of 
the  transformer.  On  the  other  hand,  the  ventilation  of  an  in- 
door transformer  can  be  directed  and  controlled  so  that  a  uni- 
form circulation  on  all  sides  is  maintained  and  a  chimney  effect 
of  two  or  three  times  the  height  of  the  transformer  obtained.  It 
may  be  argued  that  the  relative  costs  of  the  two  types  of  stations 
have  been  based  on  the  manufactiu"er*s  costs  of  the  two  types  of 
transformers;  but  the  manufactiu^er  has  been  obliged  to  use  a 
factor  of  safety  on  indoor  transformers  much  too  high  because 
so  many  transformers  have  been  placed  in  buildings  without  any 
consideration  for  ventilation.  Now,  give  the  manufacturer  a 
drawing  showing  a  perfectly  ventilated  building  for  the  trans- 
former and  then  compare  the  costs  of  the  indoor  transformer  with 
the  outdoor  transformer  having  more  radiating  surface  or  smaller 
copper  and  core  losses;  outdoor  bushings;  water-tight  covers; 
non-freezing  oil,  or  the  capitalization  of  the  losses  due  to  exciting 
idle  transformers;  heating  coils,  and  the  capitalization  of  losses 
in  the  same,  and  we  will  find  a  greater  difference  than  anticipated. 

WcUer-coolei  transformers.  Water-cooled  transformers  are 
better  suited  for  outdoor  service,  but  these  too  have  objectionable 
features.  First,  the  water  has  to  be  kept  in  circulation  in  all  idle 
transfonners  every  day  that  the  temperature  is  below  32  deg. 
fahr.,  which  entails  a  pumping  expense,  and  extra  valves  and 
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drains  are  necessary  so  that  no  water  is  left  standing  in  dead-end 
pipes  when  a  transiformer  is  removed  in  cold  weather.  Second, 
oil-drain  piping  has  to  be  designed  without  pockets  which  might 
become  filled  with  moisture  of  condensation  and  freeze,  and  all 
valves  have  to  be  kept  in  working  order.  Third,  the  circulation  of 
water  in  an  idle  transformer  has  a  tendency  to  keep  the  oil  from 
freezing,  but  it  might  be  necessary  to  arrange  to  use  the  warm 
water  obtained  from  the  transformers  in  operation  and  then, 
at  the  best,  this  is  very  ineffective  as  the  water  coils  are  at  the  top 
of  the  transformer  and  all  heat  transmitted  to  the  oil  at  the  bot- 
tom is  by  conduction  and  not  by  convection. 

In  general,  the  heat  produced  by  the  transformers  is  wasted 
in  winter  when  it  is  most  needed,  and  in  summer,  when  it  is  diflB- 
cult  to  dispose  of  the  heat,  the  transformers  are  located  in  the 
warmest  place — in  the  sim. 

Lightning  arresters.  With  an  efficient  electroljrte  the  film 
dissolution  on  the  cones  is  very  rapid  when  the  temperature 
exceeds  100  deg.  fahr.  To  insulate  the  arrester  tanks  from  the 
sun's  rays  is  objectionable  because  it  confines  the  heat  if  the  ar- 
rester is  discharging  frequently.  It  has  therefore  occasionally  been 
necessary  to  protect  the  arrester  by  means  of  a  sunshade. 

Oil  switches.  During  rainy  weather  short-circuits  are  most 
prevalent,  and  it  is  often  advisable  to  inspect  the  oil  switch  con- 
tacts after  rupturing  a  severe  short-circuit.  In  the  case  of  the 
outdoor  oil  switch,  this  can  only  be  done  in  wet  weather  by  re- 
moving the  switch  to  the  repair  shed,  because  of  the  possibility 
of  permitting  moisttire  to  enter  the  tanks. 

It  has  long  been  acknowledged  in  the  design  of  steam  plants 
that  apparatus  located  in  hot,  wet  or  inaccessible  places  does 
not  get  the  attention  from  the  operator  that  it  should.  Now, 
how  much  attention  is  going  to  be  given  to  the  oil  switch  operat- 
ing mechanism  during  stormy  weather?  Will  not  repairs  and 
inspection  be  postponed  for  more  favorable  weather?  What  is 
the  possibility  of  the  switch  failing  to  open  due  to  this  lack  of 
attention  and  postponement  of  repairs?  What  is  the  life  of  a 
switch  and  consequent  depreciation  of  an  outdoor  switch  as  com- 
pared with  an  indoor  switch,  and  what  does  it  cost  to  provide 
facilities  for  transporting  the  oil  switch  to  the  repair  shop  upon 
the  least  provocation? 

In  some  outdoor  installations  it  has  been  necessary  to  provide 
by-pass  disconnecting  switches  so  that  the  switch  could  be  left 
in  disuse  imtil  a  favorable  opportunity  presented  itself  for  repairs. 

High-tension  wiring.  Buses  and  disconnecting  switches  are 
the  safest  to  locate  out  of  doors,  and  they  really  require  the  most 
building  space.  A  semi-outdoor  station  is  possible  and  economi- 
cal with  certain  wiring  connections,  where  the  apparatus  is  pro- 
tected by  a  moderate  size  building,  and  all  of  the  wiring  located 
out  of  doors. 

Fire  risk.  It  is  frequently  claimed  that  the  outdoor  station 
is  a  better  fire  risk  than  the  indoor  station;  but  this  may  or  may 
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not  be  true.  The  spacing  between  conductors  out  of  doors  may 
be  considerably  greater,  but  at  least  50  per  cent  greater  spacing 
is  necessary  to  obtain  the  same  factor  of  safety,  because  of  the 
rain  and  the  wind  which  will  start  an  arc  sooner  and  carry  it 
farther.  Then  there  is  the  transformer  fire  risk.  We  can  readily 
imagine  the  resulting  damage  if  a  transformer  should  get  on  fire 
adjacent  to  a  steel  tower,  the  failure  of  which  n^ght  restdt  in  the 
collapse  of  the  entire  steel  structure  of  bridges  so  often  employed. 

Facility  of  making  additions.  The  outdoor  station  can  readily 
be  added  to  or  changed;  but  it  cannot  be  readily  housed  in  if  the 
outdoor  scheme  is  found  unsuited  for  the  climatic  conditions. 
Furthermore,  if  all  of  the  money  is  invested  in  the  apparatus, 
the  cost  of  replacing  it  due  to  obsolescence,  inadequacy  or  de- 
preciation is  proportionally  increased.  The  life  of  a  buUding  is 
usually  considered  to  be  at  least  twice  that  of  the  apparatus. 

General  considerations.  The  maintenance  of  the  outdoor 
station  structures  shotdd  not  be  materially  diflferent  from  the 
building  structure,  as  the  steel  towers  should  be  painted,  provided 
the  wiring  is  arranged  to  make  painting  possible,  and  the  walks, 
foundations,  fences,  repair  shop,  and  operating  house  kept  in 
repair.  The  cost  of  maintenance  of  the  outside  apparatus 
wfll  probably  be  more  than  the  inside  apparatus. 

In  cold  cUmates  there  are  the  snowfalls  and  drifts  to  contend 
with,  which  means  extensive  shoveling  of  paths,  and  the 
clearing  of  the  tracks  and  turn-tables  of  ice.  And  during  elec- 
trical storms,  all  of  the  apparatus  is  exposed  to  a  direct  stroke  of 
lightning,  as  choke  coils  cannot  conveniently  be  arranged  al- 
ways to  direct  the  lightning  to  the  arresters. 

These  objections  are  set  forth,  not  with  a  view  to  discourage 
the  use  of  outdoor  stations,  but  to  show  that  the  saving  of  a 
$25,000  or  $50,000  building  does  not  necessarily  represent  the 
net  saving,  and  that  the  resulting  saving  is  not  always  sufficient 
to  warrant  the  adoption  of  the  outdoor  station,  if  reliability  is  to 
be  sacrificed  or  maintenance  increased. 

Roy  E.  Argersinger:  We  must  see  a  very  large  saving  in  order 
to  make  the  outdoor  substation  worth  while,  as  I  believe  the  dan- 
ger we  run  into  ought  to  be  very  seriously  considered.  For  in- 
stance, if  we  get  a  bad  storm,  we  are  more  likely  to  get  trouble 
at  that  time  than  when  the  sun  is  shining,  and  we  do  not  want 
to  go  out  and  pull  the  transformer  apart  when  a  heavy  storm  is 
raging.  It  is  hard  to  get  any  one  to  work  on  the  outdoor  sub- 
stations during  such  conditions.  During  the  last  week  in  our 
country  we  have  had  the  thermometer  down  to  15  and  18  deg. 
below  zero,  and  it  is  hard  to  get  linemen  to  look  at  the  line,  to  say 
nothing  of  the  station,  imder  such  conditions. 

H.  B.  Gear:  It  seems  to  me  that  the  economic  question  whether 
or  not  the  outdoor  substation  pays  is  very  largely  a  question 
of  determining  the  balance  between  the  cost  of  the  building  and 
the  cost  of  the  rest  of  the  equipment.  In  industrial  substations 
running   from   150  kw.  to  1000  kw.,  the  possibility  of  an  outside 
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substation  is  just  as  likely  to  be  fixed  by  local  conditions  as  by  the 
desirability  of  saving  the  cost  of  a  building.  In  some  manufac- 
turing plants  there  is  no  available  space  for  the  placing  of  a 
substation.  The  equipment  must  be  placed  on  poles  in  the 
public  thoroughfare  or  installed  in  a  vault,  if  the  line  is  under- 
ground. 

For  the  smaller  substations  it  is  not  entirely  an  economic  ques- 
tion. The  cost  of  the  building,  if  a  separate  building  is  erected 
for  the  purpose,  is  apt  to  be  as  much  or  more  than  the  cost  of  the 
equipment  itself  in  the  smaller  sizes,  and  therefore  anything  in  the 
way  of  an  enclosing  building  becomes  a  considerable  addition 
to  the  total  investment. 

As  we  pass  up  to  the  higher  capacities,  and  where  the  outdoor 
installation  becomes  desirable,  because  of  the  fact  that  the  ser- 
vice is  supplied  by  very  high  voltages,  the  problem  becomes  a 
little  diflferent.  The  tremendous  separation  required  for  66,000 
volts,  naturally  suggests  putting  the  apparatus  outdoors  rather 
than«building  a  structure  big  enough  to  provide  necessary  clear- 
ances. In  the  case  shown  in  one  of  the  papers,  the  saving  figured 
out  is  about  11  percent.  At  lower  voltages,  and  with  large  sub- 
stations such  as  are  found  in  metropolitan  work,  with  several 
thousand  kilowatts  involved,  the  amount  which  may  be  saved  is 
a  much  smaller  percentage,  since  the  potential  regulators,  the 
switchboard  equipment  and  all  the  accessories  required  in  dis- 
tributing from  a  substation,  as  a  matter  of  giving  good  service, 
must  be  placed  indoors,  and  only  the  transformers  and  the 
switching  equipment  could  go  outdoors.  In  this  class  of  in- 
stallation, it  will  not  often  be  found  that  a  great  deal  can  be 
saved  by  building  an  outdoor  substation  for  the  transformer 
equipment. 

The  point  which  is  touched  on  in  Mr.  Perry's  paper  with  regard 
to  the  use  of  outdoor  substations  in  high-tension  distribution  is 
an  important  one.  The  ability  to  serve  large  areas  by  means  of 
33,000  volts,  as  is  being  done  in  Northern  Illinois,  is  dependent 
largely  upon  the  possibility  of  locating  comparatively  small 
substation  equipment  out  of  doors.  There  are  numerous  cases 
where  transformers  as  small  as  50  kw.  are  supplying  towns  along 
the  route  of  the  line  in  which  it  is  possible  to  give  fairly  good 
service  without  anything  but  a  platform  and  a  little  local  con- 
struction. This  would  not  be  possible  from  an  economic  point  of 
view,  if  it  was  necessary  to  construct  a  building  and  use  the  type 
of  equipment  which  was  considered  necessary  for  a  substation  a 
decade  ago.  Outdoor  construction  may  be  applied  in  a  variety 
of  ways  and  has  a  very  definite  place  in  electric  distribution. 

W.  S.  Moody:  The  four  papers  that  have  been  presented  on 
outdoor  transformer  stations  give  a  very  good  general  review  of  a 
recent  development  in  our  art.  It  is  not  a  radical  improvement 
in  the  sense  that  it  requires  any  great  change  in  previous  methods 
of  designing  apparatus,  or  any  inventive  ability  on  the  part  of 
the  manufacturer,  and  yet,  it  does  mark  an  important  epoch 
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in  dectrical  developments,  which,  I  believe,  will  be  more  ftdly 
appreciated  as  the  practise  becomes  more  general. 

As  has  been  pointed  out,  the  innovation  in  practise  started 
purely  on  its  economic  showing.  Both  the  manufacturer  and  the 
operator  shrank  a  little  from  the  idea  at  first,  because  it  clearly 
increased  the  risk  for  both,  but  none  of  the  various  possible 
sources  of  trouble  are  really  inherent  and  it  only  needed,  there- 
fore, some  experience  and  a  close  and  intelligent  study  of  details 
to  avoid  them. 

If  I  may  be  allowed,  I  will  point  out  two  respects  in  which  the 
papers  do  not  give  an  entirely  correct  idea  as  to  how  far  this 
practise  has  progressed.  It  is  stated  that  there  is  something 
like  300,000  kv-a.  in  outdoor  transformers  installed  or  con- 
tracted for.  Those  for  whose  design  I  am  responsible  alone 
amount  to  25  per  cent  more  than  this  figure,  so  it  is  fair  to  assume 
that  the  actual  capacity  of  such  transformers  so  far  produced 
may  be  nearer  600,000  than  300,000. 

The  other  incomplete  impression  given  is  as  to  the  maximum 
size  of  units  and  installations.  Units  have  already  been  built 
up  to  at  least  7500  kv-a.,  and  installations  up  to  50,000  kv-a. 

The  most  important  features  to  be  cared  for  in  an  outdoor 
design  (as  far  as  our  experience  yet  goes)  are: 

(a)  Covers,  joints  around  leads,  man-holes,  etc.,  must  be 
thoroughly  weather-proof.  This  not  only  means  that  they  be 
rain-proof,  but  so  completely  sealed  as  to  be  water-tight  when 
ice  and  snow  build  up  and  hold  water  over  the  joints. 

(b)  That  the  leads  be  made  of  such  material  and  in  such  a 
manner  as  to  be  entirely  unaffected  by  the  weather. 

(c)  That  the  tanks  be  so  ventilated  that  they  will  not  take 
in  rain  or  snow  and  yet  may  relieve  themselves  from  moisture 
and  gases. 

(d)  That  idle  units  be  heated  sufficiently  to  avoid  their  being 
at  a  temperature  lower  than  the  atmosphere. 

I  want,  in  closing,  to  say  a  word  of  caution  with  reference  to 
the  needless  use  of  outdoor  installations.  Some  people  are 
anxious  to  use  the  latest  thing,  whether  it  is  best  for  their 
conditions  or  not.  It  should  be  borne  in  mind  that  however 
well  the  apparatus  may  be  designed  for  outdoor  ser\'ice,  it  can- 
not be  quite  so  safe  or  convenient  when  so  installed  as  if  it  were 
protected  from  the  weather,  consequently  the  lower  cost  of  in- 
stallation and  possibly  a  little  less  fire  risk  are  the  sole  reasons 
for  outdoor  installation,  yet  I  have  seen  such  installations  right 
beside  large  stations  that  had  and  probably  always  will  have  more 
than  ample  space  for  the  transformers  inside.  In  such  cases 
considerable  extra  expense  had  to  be  incurred  in  carrying  both 
high-  and  low-tension  wiring,  already  inside  of  the  building, 
out  to  the  transformers  and  back.  Such  an  installation  made 
simply  to  be  in  style  is  certainly  not  good  engineering. 

Allen  M.  Rossman:  Mr.  Kruesi  asked  the  reason  for  putting 
the  transformers  in  various  substations  above  the  ground.     With 
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reference  to  the  substation  shown  in  Mr.  Perry's  paper,  there 
were  two  considerations  which  led  to  this  design; — one  was  to 
keep  the  33, 000- volt  wiring  up  out  of  the  way;  the  other  was  to 
provide,  within  the  structure,  a  housing  for  the  low-tension 
(2300-volt)  meters  and  switches  and  for  an  arc  lighting  trans- 
former, if  needed.  Consequently,  the  whole  substation  is  self- 
contained. 

I  might  say,  regarding  the  cost  of  this  particular  substation, 
that  the  structural  steel  as  shown,  together  with  the  fuses,  horn 
gaps,  choke  coils  and  disconnecting  switches  complete — ^the 
structtiral  steel  being  galvanized — cost  very  little  more  than 
would  a  first-class  33 ,000- volt  oil  switch,  and  it  is  only  by  reason 
of  this  low  first  cost  of  substation  that  an  extensive  33,000-volt 
distribution  system  supplying  a  large  number  of  small  scat- 
tered customers  is  possible. 

J.  C.  Smith:  We  have  had  very  little  experience  with  the  large 
outdoor  type  of  substation  around  Montreal,  and  in  other  sec- 
tions of  Canada,  probably  because  the  use  of  an  outdoor  substation 
would  involve  the  use  of  naturally  cooled  transformers.  We 
could  not  use  water-cooled  transformers  on  accoimt  of  the  tem- 
peratiu^e  conditions.  For  example,  at  ovu*  power  plant,  for  the 
last  four  weeks  the  temperature  has  not  risen  above  zero,  so  that 
you  can  imagine  to  take  care  of  water-cooled  transformers  would 
be  quite  a  difiicult  task.  So  that  while  we  have  done  consider- 
able calculating  on  the  subject,  the  matter  always  resolves  itself 
into  the  fact  that  it  would  be  necessary  to  put  in,  at  very  consid- 
erable extra  expense,  means  for  protecting  the  apparatus  from  the 
cold,  and  we  have  not  yet  had  enough  confidence  in  the  oil 
switches  to  feel  that  we  could  operate  them  successfully  imder 
these  very  severe  climatic  conditions. 

P.  W.  Sothman:  I  think  I  will  have  to  agree  with  Mr.  Smith 
in  his  remarks  on  this  matter,  as  to  the  reason  why  it  was  decided 
that  Ontario  was  not  the  place  for  the  outdoor  substation.  I 
believe  we  would  have  had  to  spend  more  money  for  heating  up  the 
system,  than  for  keeping  it  cool.  In  a  general  way  I  think  the 
matter  of  outdoor  substations  should  be  dealt  with  on  its  merits. 
I  think,  without  any  question,  there  is  a  big  field  for  the  outdoor 
substation.  On  the  other  hand,  I  think  there  arc  many  places 
where  the  outdoor  substation  is  not  the  one  which  is  needed. 
The  comparison  of  cost,  between  the  outdoor  and  indoor  sub- 
station, may  play,  to  a  certain  extent,  some  part  in  the  matter, 
but  I  think,  from  the  operating  standpoint,  we  should  be  very 
careful  to  draw  the  line  between  saving  a  few  per  cent  and  then 
running  a  risk  of  destroying  the  necessary  continuity  of  the  service 
which  is  essential  above  all  things. 

When  we  look  over  the  liabilities  which  a  public  service  cor- 
poration assumes,  when  we  look  at  the  mistakes  which  have  been 
made  in  certain  sections  of  the  country  by  the  saving  of  a  few 
cents,  and  thus  weakening  the  guarantee  of  a  fairly  good  service, 
due  to  not  properly  protecting  the  system,  or  some  part  of  the 
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system,  we  soon  come  to  the  conclusion  that  such  a  policy  is 
very  bad  engineering.  I  think  the  motto  should  be,  first  of  all, 
continuous  service,  if  possible,  within  commercial  reason.  If  we 
are  guided  by  this  consideration,  and  in  addition  give  proper 
attention  to  the  climatic  conditions,  I  think  that  will  tell  us 
where  an  outdoor  substation  should  be  built  and  where  an 
indoor  substation  should  be  built.  I  think  also  we  will  see, 
to  a  certain  extent,  the  combination  some  day  of  the  indoor- 
outdoor  substation  even  in  big  cities. 

J.  Edward  Keams:  A  careful  analysis  of  this  subject  will 
resolve  itself  into  two  factors:  first,  that  representing  continu- 
ity of  service,  and  second,  the  question  of  cost,  including  not 
only  first  cost  but  maintenance  and  depreciation. 

With  respect  to  continuity  of  service,  the  principal  point, 
of  course,  is  to  be  careful  to  select  apparatus  best  suited  for 
local  conditions  and  that  which  will  eliminate,  as  far  as  may  be, 
all  possibilities  of  shut-down.  When  we  come  to  the  question 
of  first  cost,  a  careful  comparison  has  been  made  of  several  out- 
door substations  and  indoor  substations,  which  shows  that  the 
outdoor  type  is  about  10  per  cent  to  15  per  cent  cheaper,  in  sizes 
of  2000  to  5000  kv-a.  Now,  perhaps,  the  main  reason  why  the 
cost  of  the  indoor  substation  exceeded  that  of  the  outdoor  sub- 
station, has  been  due  to  the  type  of  building  and  other  archi- 
tectural features  brought  into  the  construction  of  the  building. 
I  personally  feel  quite  positive  that  if  more  of  our  smaller  in- 
door substations  were  built  with  a  very  cheap  sheet  metal  build- 
ing, we  would  find  that  the  general  comparison  would  be  about 
eqtial,  particularly  if  we  keep  in  mind  the  fact  that  it  is  always 
desirable  to  have  an  attendant  when  large  outdoor  substations 
of  10,000  to  20,000  kw.  are  installed,  and,  under  these  latter 
conditions,  I  believe  it  will  be  found  that  the  general  result  will 
be  very  much  in  favor  of  the  indoor  type  of  substation. 

Another  important  subject  that  has  been  brought  out  in  the 
discussion,  in  addition  to  these  two,  is  the  question  of  climatic 
conditions,  and  large  installations  to  date  indicate  that  less 
trouble  may  be  experienced  with  outdoor  substations  in  southern 
climates  than  those  in  the  northern  or  cooler  climates,  with  the 
result  that  many  operating  companies  in  the  North  are  not 
installing  outdoor  type  substations,  but  are  considering  instead  a 
very   cheaply   housed   substation. 

K.  C.  Randall:  The  very  pronounced  increase  in  the  reli- 
ability of  apparatus  in  general,  especially  that  which  is  involved 
in  outdoor  installations,  has  contributed  immensely  to  the  practi- 
cability of  the  outdoor  station.  Transformers  and  breakers 
have  been  simplified,  strengthened  and  made  more  substantial 
and  reliable,  with  more  permanent  factors  of  safety,  so  that  now 
under  nearly  all  conditions  they  can  be  looked  upon  as  largely 
free  from  the  need  of  attention. 

As  an  economic  problem,  there  is  no  doubt  that  good  con- 
sideration is  required  to  determine  definitely  the  justification 
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of  the  outdoor  station,  or,  so  far  as  that  is  concerned,  of  the 
indoor  station.  It  is  also  possible  that  fashion  may  have 
brought  outdoor  stations  into  being  when  the  indoor  station 
might  have  been  better,  but  the  same  can  be  said  of  the  indoor 
station.  Probably  there  are  few  men  with  experience  who  can  not 
recall  instances  where  the  outdoor  station  would  have  been  a 
better  proposition  than  the  indoor  station  which  was  built. 

Terminals  for  apparatus  and  station  outlets  are  so  thoroughly 
developed,  that  very  little  or  no  trouble  is  encountered  from 
those  of  best  design.  These  were  the  original  stumbling  blocks 
when  the  outdoor  apparatus  for  heavy  potentials  was  first 
undertaken.  Terminals  that  will  stand  300,000  volts  in  a  45 
deg.  precipitation  of  |in.  per  minute  are  in  use  and  are  entirely 
practicable.  Terminals  for  all  lower  voltages  and  current 
ratings  have  been  developed  with  equal  success. 

The  first  100,000-volt  transmission  in  this  country,  whose 
transformers  were  built  under  my  direction,  operated  without 
lightning  arresters  entirely  successfully  with  a  grounded  over- 
head line  wire  extending  but  a  few  miles  from  the  stations  where 
the  transformers  were  installed.  This  was  some  years  ago. 
There  is  no  doubt  that  transformers  of  today  are  equally  reliable, 
which  means  that  the  necessity  for  repair  is  remote.  The  same 
applies  to  switching  apparatus  and  therefore,  in  general,  the  out- 
door equipment  is  not  likely  to  demand  much  attention. 

Five  years  ago  this  subject  was  presented  before  the  Institute, 
and  it  was  then  suggested  that  the  outdoor  station  would  have 
a  place  under  some  conditions  but  that  no  general  rule  could 
be  stated  for  determining  when  the  outdoor  station  would  be 
justified.  The  four  papers  presented  today  have  shown  that 
there  have  been  applications  for  an  outdoor  station  which  have 
been  justified,  for  it  is  not  reasonable  to  assume  that  all,  or  even 
many,  having  made  these  installations  have  been  wrong  in 
their  judgment. 

It  is,  therefore,  gratifying  to  me  to  have  this  confirmation  of 
the  opinion  then  expressed.  At  that  time  many  doubted,  accord- 
ing to  their  discussion,  and  even  today  the  same  attitude  would 
seem  to  prevail  in  some  places,  although  the  practicability  and 
desirability  of  the  outdoor  station  have  been  thoroughly  con- 
firmed. 

Hanson  E.  Bussey:  We  have  quite  a  large  number  of  out- 
door substations.  The  capacities  of  these  outdoor  substations 
run  from  20,000  to  30,000  kw.,  but  it  has  always  been  an  open 
question  with  me  as  to  whether  or  not  there  was  not  a  little 
bit  of  stampeding  in  building  outdoor  substations  in  our  climate. 
A  great  many  people  seem  to  think  that  the  South  is  a  partic- 
ularly good  climate  for  outdoor  substations.  I  do  not  think 
so,  for  the  reason  that  very  frequently  we  have  rainfall  at  the 
rate  of  as  much  as  three  to  four  inches  an  hour,  and  at  the  same 
time  extremely  high  winds,  and  if  transformer  tanks  and  switch 
tanks    are    not    absolutely    tight,    then   undoubtedly    trouble 
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is  going  to  develop.    As  to  whether  or  not  that  trouble  will 
develop,  it  is  a  question  of  simply  waiting  to  see.     It  has  not' 
developed  so  far. 

It  seems  to  me  that  the  relative  advantage  of  outdoor  versus 
indoor  substations  for  any  climate  lies  in  the  question  of  the 
first  cost,  as  has  been  brought  cut,  .and  in  the  reliability  of 
operation.  The  question  of  thefinit  cost  is  something  which 
the  companies  which  have  been  buildinej  th^se  substations  can 
very  materially  assist  in  settling.  I  would  like  to  know  whether 
or  not  the  outdoor  substations  are  really  cheaper,  considering 
the  same  class  of  installation,  than  the  indoor,  i  veiy  seriously 
doubt  it.  t  know  of  one  case  of  a  20,000-kw.  outdoor .  substa- 
tion— ^five  of  them,  in  fact,  which  were  built  on  the  same-sjcstem. 
where  the  people  who  had  charge  of  the  building  stated  th(it. 
it  worked  out  in  advance  very  much  cheaper  than  would  have 
been  the  case  had  they  used  indoor  substations.  After  they 
had  been  built,  I  found  that  they  worked  out  nearly  fifty  per 
cent  in  excess  of  the  estimates,  and  now  it  is  a  question  whether 
or  not  they  are  cheaper.  It  is  safe  to  say  that  they  could  have 
built  the  indoor  substation  as  cheap,  if  not  cheaper. 

The  character  of  the  building  is  an  important  factor,  but  I 
am  firmly  convinced  if  we  cotild  get  some  data  from  the  opera- 
ting companies  and  the  people  who  are  constructing  the  build- 
ings and  substations,  the  point  will  be  settled  once  for  all. 

E.  A.  Lof :  One  point  that  must  be  given  considerable  atten- 
tion in  connection  with  outdoor  substations  is  the  protection 
of  the  transformers,  both  from  the  extreme  heat  in  summer 
and  from  the  cold  in  winter.  While  the  former  can  be  readily 
obtained  by  providing  sunshades,  in  certain  instances  very 
good  results  are  obtained,  as  stated  by  one  of  the  authors,  by 
simply  painting  the  tanks  white. 

It  is,  however,  more  difficult  to  provide  for  the  cold  winter 
temperatures,  especially  with  water-cooled  transformers.  With 
the  transformers  in  service  there  seems  to  be  no  danger  of 
freezing,  and  for  this  reason  the  transformers  should  be  con- 
nected to  the  circuit  and  thus  energized  even  if  they  do  not 
carry  any  load.  Some  sort  of  heating  grids  can  also  be  readily 
provided  in  the  bottom  of  the  tanks.  The  main  difficiilty  lies 
in  the  formation  of  moisture  which  takes  place  when  the  tem- 
perature of  the  transformer  is  allowed  to  fall  below  that  of  the 
surrounding  air.  This  applies  equally  well  to  indoor .  trans- 
formers, and  precautions  must  therefore  always  be  taken  to 
prevent  this.  Much  may  be  accomplished  either  by  reducing 
the  water  rate  at  times  of  cold  weather,  or  by  using  the  cooling 
water  over  and  over  again. 

There  are  a  number  of  other  points  which  should  be  given 
consideration  in  the  construction  of  the  outdoor  substation. 
The  line  wires  should  be  securely  anchored  before  entering  the 
station  structure,  and  no  unnecessary  strains  should  be  per- 
mitted in  the  wires  inside  the  structure.     Consideration  should 
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be  given  to  deflections  resulting  from  different  ptdls  on  the  con- 
nections, and  also  to  unequal  settlement  of  supporting  towers 
which  may  readily  cause  excessive  stresses  and  insulator  break- 
ageSy  resulting  in  service  interruptions.  The  spacing  of  all  the 
conductors,  as  well  as  that  of  apparatus,  should  be  liberal,  but 
not  excessive.  '•   *-* 

The  transformers  and  switches  should  be  placed  on  concrete 

foundations  of  a  suf&ci^rit*  height  to  be  clear  of  water,  and  the 

station  should  /-urthermore  be  well  paved  and  drained  aroimd  the 

apparatus.  .-Trdnsfer  tracks  with  a  truck  will  also  be  found 

very  convenient  when  moving  the  apparatus.     Cement  walks 

should  &e  laid  on  that  portion  of  the  groimd  where  the  operator 

i^'cwost'kpt  to  pass  in  his  inspection  trips  and  work  about  the 

..    "pleCfe'.     The  oil  piping  to  the  transformers  and  switches,  and  the 

\  -r- water  piping,  if  water-cooled  transformers  are  provided,  should 

•'• '     be  so  arranged  that  connection  can  be  made  or  broken  for  any 

unit  without  disturbing  the  operation  of  the  other. 

Farley  Osgood:  In  New  Jersey  we  have  no  outdoor  type  of 
substation  as  described  in  these  papers.  We  do  not  get  the  iso- 
lated conditions  in  our  territory,  which  warrant  such  an  instal- 
lation, and  the  service  is  so  congested,  and  in  New  Jersey  is 
coupled  together  with  railway  service,  demanding  so  much  con- 
tinuous switching,  that  it  is  questionable  if  the  outdoor  type  of 
substation  left  a  good  deal  by  itself  would  work  with  us.  The 
New  Jersey  territory,  generally  speaking,  is  a  well  solidified 
field  of  operation,  with  a  good  many  substations,  not  very  far 
apart,  and  the  demands  of  combined  service  require  so  much 
personal  attendance,  that  it  is  very  doubtful,  except  in  develop- 
ing the  outskirts  of  the  territory,  if  any  thing  but  the  indoor  type 
of  station  would  be  installed.  Our  problems  are  simple,  because 
our  voltage  is  13,000. 

Dugald  C.  Jackson:  I  want  to  express  this  proposition  as  one 
that  runs  through  my  mind — and  I  think  it  is  pretty  definitely 
fixed  there — that  in  the  case  of  large  substations  on  which  a 
great  deal  depends,  reliability  becomes  a  matter  of  the  very  great- 
est importance,  and  under  these  circumstances  the  cost  of  the 
building  is  so  small  a  factor  of  the  total  investment  cost  for  the 
distribution  system,  and  converting  apparatus  and  real  estate, 
that  the  saving  of  20  per  cent,  or  even  50  per  cent,  of  the  cost  of 
the  building  alone  may  not  be  a  factor  to  be  considered,  and  con- 
sequently large  substations,  especially  those  serving  cities, 
should  ordinarily  be  housed  under  the  very  best  conditions  of 
fire-proof   construction. 

But  there  is  a  different  condition  to  be  considered,  and  that 
condition  is  well  illustrated  in  Mr.  Perry's  paper,  also  in  Mr. 
Fullerton's  paper,  and  to  some  degree  in  Mr.  Hunt's  paper. 
It  would  be  again  illustrated  if  we  had  a  paper  from  the  Rocky 
Mountain  region.  There  one  has  vast  areas — the  Rocky  Moun- 
tain region  is  sparsely  populated,  the  same  is  true  of  parts  of 
the  prairies  of  the  Central  West;  and  it  is  even  true^  in  part,  of 
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the  state  of  Massachusetts,  which,  next  to  Rhode  Island,  is 
on  the  average  the  most  populous  state  in  the  Union  per  square 
mile,  yet  there  is  a  good  part  of  Massachusetts  in  which  the  popu- 
lation is  very  sparse— this  is  also  true  of  the  states  of  New  Hamp- 
shire, Vermont  and  Maine.  In  such  sparsely  populated  ter- 
ritory, there  is  here  and  there  a  customer  who  should  be  provided 
with  power,  or  a  small  village  which  should  be  provided  with 
power,  where,  perhaps,  in  the  past  they  had  a  small  electric 
lighting  plant  of  their  own,  but  have  been  seeking  better 
service  aflForded  on  a  more  favorable  basis. 

These  needs  of  isolated  individual  customers  and  small  vil- 
lages of  the  Far  West,  of  the  Central  Western  prairies,  probably 
the  South,  and  of  New  England,  can  be  served  by  outdoor  sub- 
stations, or,  perhaps,  by  what  have  been  called  outdoor-indoor 
substations.  Mr.  Fullerton  describes  the  latter  fully  and  ad- 
mirably. The  latter  development  is  one  which  seems  to  me  to 
possess  great  economic  possibilities  for  electrical  engineering, 
because  it  may  aid  in  the  making  of  another  step  toward  putting 
power  transmission  into  the  same  category  of  comprehensive 
usefulness  and  importance  as  transportation  and  the  transmission 
of  intelligence. 
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pices of  the   Electric  Power  Committee, 
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PROBLEMS  OF  HIGH-TENSION  TRANSMISSION  LINES 

REPORT  OF  SUB-COMMITTEE  ON  TRANSMISSION 


P.  W.  SOTHMAN,  CHAIRMAN 


Introductory 

IT  IS  not  intended  that  the  following  article  shall  completely 
cover  the  very  broad  subject  of  transmission  of  electrical  en- 
ergy, but  only  outline  some  of  the  more  important  problems  which 
have  to  be  considered  when  building  and  operating  high- voltage 
lines.  Such  data  as  are  contained  herein  have  been  supplied  by 
the  members  of  the  sub-committee  with  the  idea  of  furnishing  a 
basis  for  discussion,  for  it  is  recognized  that  the  principal  value 
of  a  paper  of  this  kind  lies  in  the  discussion  which  it  may  elicit. 
Some  of  the  topics  of  partictdar  interest  at  this  time  have  been 
treated  in  short  special  articles  which  are  published  as  appendices 
to  this  report  and  which  appear  under  the  names  of  their  respec- 
tive writers. 

Right-of-Way 

In  sparsely  settled  countries  there  is  generally  no  trouble 
in  securing  as  much  land  as  may  be  needed  for  the  erection 
of  the  transmission  and  telephone  lines,  and  the  only  point  to 
bear  in  mind  is  the  choice  of  route  involving  the  least  construc- 
tional difficulties,  such  as  the  crossing  of  mountain  ranges  and 
streams  or  the  avoiding  of  locations  which  make  patrolling  and 
maintenance  unduly  expensive.  If  a  restricted  locality  were 
known  to  be  particularly  subject  to  lightning  storms,  this  would 
naturally  be  avoided,  if  possible. 

On  the  other  hand,  in  districts  like  the  East  where  the  land  is 
already  fully  occupied  and  sometimes  quite  valuable,  the  right- 
of-way  problem  is  often  not  an  easy  one,  and  the  question  arises 
as  to  whether  it  may  not  be  advisable  to  obtain  easements, 
gixdng  the  company  the  right  to  erect  and  maintain  its  lines 
across  the  lands  of  the  owners.  Tower  lines  may  even  cross 
fields  under  cultivation,  causing  })ractically  no  inconvenience  to 
the  farmers,  who  have  been  known  in  many  cases  even  to  plow 
and  grow  grain  between  the  legs  of  the  towers  themselves.     For 
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convenience  in  patrolling  and  the  making  of  repairs,  the  route 
should,  as  far  as  possible,  be  chosen  alongside  of  highways,  re- 
gardless of  whether  the  right-of-way  is  purchased  outright  or 
not.  The  width  of  right-of-way  is  an  important  consideration, 
as  well  as  the  minimum  clearances  which  should  be  allowed  above 
ground. 

There  are  cases  in  which  it  may  sometimes  be  advisable 
to  utilize  the  right-of-way  of  an  existing  steam  or  electric  railway, 
provided  a  suitable  agreement  can  be  reached  between  the  re- 
spective parties.  This  arrangement  has  been  objected  to  at 
different  times  by  laymen  because  of  the  alleged  danger  to  the 
traveling  public.  That  this  objection  is  groundless,  we  all  know, 
and  decisions  have  been  rendered  by  at  least  one  State  Public 
Service  Commission  to  this  effect.  Objection  to  this  practise 
has  also  been  made  by  the  telegraph  companies  occupying  the 
same  rights-of-way,  on  account  of  the  interference  which  may 
be  set  up  in  such  circuits  because  of  the  proximity  of  the  power 
lines.  By  the  use  of  proper  care  these  troubles  may  be  re- 
duced so  as  to  become  unimportant,  so  that  this  objection  also 
is  overcome. 

Under  this  heading  may  also  be  included  the  constructions 
necessary  for  the  crossings  of  railways  and  other  circuits.  There 
is  at  present  no  generally  recognized  type  of  crossing  protection, 
and  whatever  kinds  are  used  are  usually  subjects  for  agreement 
between  the  parties  concerned.  Certain  protection  from  falling 
wires  or  cables  is  desirable,  but  we  feel  that  the  matter  has  been 
carried  to  extremes  in  many  instances.  If  two  power  companies 
adopt  elaborate  and  expensive  means  for  protecting  their  respec- 
tive circuits  where  crossing  one  another,  when  an  ordinarily 
substantial  construction  of  the  lines  themselves  would  suffice, 
how  can  they  object  if  the  telephone  and  telegraph  companies, 
whose  lines  they  have  to  cross,  insist  that  an  equally  elaborate 
protection  be  installed  for  their  crossings  also?  This  shows 
the  need  for  an  intelligent  agreement  upon  the  subject  and  for 
a  code  of  rules  or  specifications,  preferably  bearing  the  sanction 
of  the  Institute,  which  will  be  accepted  by  all  parties.  Such 
specifications  should  allow  a  certain  latitude  in  the  construction 
so  as  not  to  inflict  unnecessary  hardships  upon  small  power  com- 
panies operating  at  comparatively  low  voltages,  or  those  located 

in  unsettled  districts. 

Towers 

The  selection  of  the  type  of  tower  depends  upon  the  niunber 
oi  circuits  to  be  carried,  line  voltage,  whether  suspension  or 
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pin  type  insulators  will  be  used,  the  physical  characteristics  of 
the  coiintry  through  which  the  line  will  pass,  and  also  upon  the 
climate.  It  is  generally  agreed  that  the  square  or  four-legged 
tower  is  more  efficient  in  the  use  of  material  than  the  three- 
legged  tower  and  the  latter  is  seldom  seen  nowadays  in  new  work. 
The  flexible  type  of  tower  has  also  been  used  to  some  extent  with 
good  results,  but  it  is  necessary  to  place  rigid  towers  at  frequent 
intervals  along  the  line  to  act  as  stays,  from  which  the  flexible 
towers  are  more  or  less  supported  by  the  overhead  ground 
wires  and  also  by  the  power  cables  when  pin  insulators  are  em- 
ployed. It  is  too  early  to  say  what  success  will  attend  the  flexible 
tower  when  used  in  connection  with  long  suspension  insulator 
strings,  and  until  more  data  are  available  upon  the  subject  it 
is  advisable  to  proceed  with  caution  when  considering  the  adop- 
tion of  this  construction. 

Where  suspension  insulators  are  employed,  it  has  been  found 
that  it  is  not  good  practise  to  place  two  or  more  conductors  in  a 
vertical  plane,  especially  where  snow  and  ice  are  liable  to  collect 
upon  the  cables.  When  this  load  breaks  away  it  very  seldom 
does  so  uniformly  and  the  cables  are  in  great  danger  of  coming 
into  contact.  This  phenomenon  has  been  quite  fully  treated 
in  a  recent  paper.  It  might  be  added  that  it  has  been  observed 
in  the  East  that  ice  seems  to  collect  to  a  greater  extent  at  the 
centres  of  the  spans  than  near  the  towers,  which  should  be  taken 
into  consideration. 

The  method  of  calculation  of  tower  designs  should  be  stand- 
ardized, and  the  constants  for  such  materials  as  copper,  alu- 
minum and  steel  used  for  conductors  should  be  taken  at  some  ac- 
ceptable figure  such  as  30,000  lb.  for  copper,  and  14,000  lb.  for 
alimiinum,  as  representing  the  elastic  limit  of  the  material. 
The  design  should  be  calculated  so  that  when  the  loads  estimated 
are  all  on,  the  structure  will  be  stressed  to  the  elastic  limit.  The 
factor  of  safety  is  therefore  in  assuming  excess  loads  over  those 
which  are  known  to  be  liable  to  happen. 

Ordinarily  towers  shotild  not  be  calculated,  but  they  should 
be  specified  to  stand  certain  loadings,  and  should  be  tested  for 
these  figures. 

Foundations,  It  is  very  important  in  the  use  of  rigid  towers  to 
see  that  the  foundations  on  which  the  tower  stands  are  all  at 
the  same  height,  and  therefore,  it  should  be  specified  that  the 
foundations  of  the  tower  should  have  their  tops  within  1/10  of 
an  inch  of  the  same  height. 
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Minimum  Thickness  of  Material,  In  the  construction  of  towers 
no  material  should  be  used  less  than  3/16  in.  (4.7  mm.)  in 
thickness. 

Bolted  Connections,  It  is  recommended  that  the  minimum 
number  of  bolts  in  any  connection  be  not  less  than  two. 

Strength  of  Members.  It  should  be  kept  in  mind  in  the  design 
of  the  towers  that  men  are  likely  to  climb  up  and  down  the  towers 
on  the  angles,  and  therefore,  one  of  the  limiting  conditions  is 
to  see  that  no  members  are  used  which  would  be  bent  by  the 
weight  of  a  man  in  so  climbing  a  tower. 

Movement  of  Wires,  It  woiild  seem  advisable  to  increase  the 
customary  figure  of  45  deg.  used  for  angle  of  deflection  of  the  in- 
sulators to  55  deg.  or  60  deg.  from  vertical,  under  the  worst 
wind  conditions. 

The  effect  of  ice  and  sleet  should  be  considered,  and  this  from 
the  point  of  view  of  non-uniform  loading.  The  structure  should 
be  so  designed  as  to  permit  the  loading  of  one  span  with  the  two 
adjacent  spans  not  loaded,  and  still  have  sufficient  clearance 
between  all  the  wires  so  that  under  these  conditions  there  would 
not  be  probable  contact  due  to  wind  conditions. 

Amount  of  Sleet,  Not  less  than  f  in.  (19  mm.)  of  sleet  or  ice 
for  the  northeastern  part  of  the  United  States  and  the  eastern 
part  of  Canada  should  be  allowed  for. 

Wind  Load,  The  wind  load  is  heaviest  at  times  of  sleet,  and 
it  should  be  recognized  that  the  sleet  does  not  form  uniformly 
around  the  wires,  but  that  the  section  of  the  ice  is  more  or  less 
elliptical. 

Wind  Pressure,  It  would  seem  advisable  to  increase  the 
amount  of  wind  pressure  for  the  eastern  part  of  Canada  and 
the  United  States  to  about  15  lb.  (6.8  kg.)  pressure  per  sq.ft. 
(0.09  sq.  m.)  on  the  round  surface. 

The  usual  method  of  erecting  towers  is  to  assemble  them 
lying  on  the  ground  and  then  tilt  them  into  place,  which  is  apt 
to  induce  faults  in  them,  hence  it  is  very  necessary  that  a  care- 
ful inspection  be  made  of  them  after  erection,  with  a  view  to 
tightening  up  the  bolts  and  examining  the  various  members 
to  see  whether  they  are  distorted. 

In  many  cases  towers  have  been  provided  with  insufficient 
means  for  supporting  and  firmly  holding  the  ground  cables.  The 
ground  cable  clamps  should  be  quite  long  and  have  not  less  than 
four  bolts  so  that  the  cables  cannot  possibly  slip,  allowing  them 
to  sag  down  in  contact  with  the  power  conductors. 
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Galvanizing  and  Painting,  From  reports  received  from  various 
quarters  it  appears  that  the  galvanizing  of  steel  towers  is  generally 
preferred  to  painting.  Probably  the  manufacturers  themselves 
differ  more  on  this  point  than  the  users  of  towers.  One  manu- 
factiu^r  advocates  painting  because  of  the  simplicity  obtained 
in  erection  by  having  the  sides  of  the  towers  assembled  complete 
and  riveted  in  the  shops,  only  the  cross  members  requiring  to 
be  bolted  together  in  the  field.  Large  pieces  assembled  in  this 
manner  cannot  well  be  galvanized  and  painting  must  be  resorted 
to. 

Paint  affords  a  good  protection  if  the  structures  are  periodically 
gone  over  and  carefully  scraped  and  cleaned  before  the  paint 
is  applied.  It  is  very  difficult,  however,  to  reach  all  small  in- 
terstices and  pockets  and  these  are  the  places  where  rust  is  most 
apt  to  occtu".  Superficial  inspection  frequently  will  not  disclose 
rusting  which  may  be  occurring  beneath  the  paint  coating.  There 
is  no  doubt  that  periodical  repainting  is  more  neglected  than 
otherwise. 

Galvanizing,  on  the  other  hand,  practically  eliminates  worry 
and  expense  for  maintenance,  as  it  is  electro-positive  to  iron. 
The  galvanized  coating  has  two  functions  to  perform.  In 
the  first  place,  it  is  designed  to  keep  the  surface  of  the  steel  from 
coming  into  contact  with  water  and  the  atmosphere,  and  secondly, 
it  protects  the  iron  whenever  water  and  oxygen  finally  succeed 
in  breaking  through. 

If  the  galvanizing  is  properly  done,  it  may  be  relied  upon  to 
be  in  good  condition  at  the  expiration  of  12  or  15  years,  whereas 
painting  cannot  be  depended  upon  much  longer  than  two  or  three 
years,  especially  where  the  atmosphere  contains  sulphur  or  other 
fumes. 

Footings  extending  into  the  earth  may  be  galvanized  with  good 
success  in  most  soils,  although  there  are  earths  where  asphaltvun 
paint  coating  is  more  durable.  In  cases  where  extreme  acidity 
or  electrolytic  action  is  expected  in  the  soil,  it  is  more  economi- 
cal in  the  long  run  to  provide  a  concrete  footing  thoroughly 

encasing  the  steel. 

Conductors 

The  relative  merits  of  copper  and  aluminum  conductors  have 
been  discussed  quite  often  and  it  is  not  our  intention  to  open 
the  subject  again  at  this  time.  A  thorough  understanding  of 
the  different  qualities  of  the  two  metals  should  be  had  by  en- 
gineers designing  transmission  lines,  especially  where  suspension 
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type  insulators  are  considered,  in  order  that  advantage  can  be 
taken  of  these  qualities.  There  are  certainly  places  where 
aluminum  should  not  be  used  for  power  conductors,  but  on  the 
other  hand,  there  are  quite  often  cases  where  it  might  be  used 
to  better  advantage  than  copper. 

Experience  has  shown  that  hard-drawn  copper  cables  should 
not  have  hemp  centers,  for  an  action  partly  chemical  and  partly 
mechanical  is  set  up  which  sooner  or  later  weakens  the  strands 
and  causes  the  cable  to  part. 

In  order  to  secure  a  greater  strength  and  also  partly  to  add 
weight  to  the  cable  a  steel  core  has  been  inserted  in  some  of 
the  aluminum  cables  recently  manufactured.  While  it  is  claimed 
by  the  makers  that  such  cables  are  as  durable  as  the  ordinary 
aluminum  cables  and  free  from  electrolytic  corrosion,  conclusive 
proof  upon  this  is  still  lacking.  It  is  understood  that  steel  cores 
in  aluminum  cables  are  not  considered  satisfactory  by  English 
cable  manufacturers. 

For  long  spans  where  great  strength  is  required,  wires  and 
cables  made  of  steel  having  a  coating  of  copper  (copper-clad 
steel)  are  available,  which  give  very  good  results.  These  wires 
are  still  too  high  in  cost  to  be  used  generally  for  power  conductors. 
They  are  coming  into  use  to  a  certain  extent,  however,  for  tele- 
phone and  telegraph  lines. 

In  passing,  it  may  not  be  out  of  the  way  to  remark  that  there 
are  several  formulas  in  existence,  all  more  or  less  tedious  in  their 
application,  for  the  calculation  of  cable  sags,  taking  into  account 
temperature  changes  as  well  as  spans  and  tensions.  The  majority 
of  these  are  adaptations  of  the  parabola  formula  and  will  give 
suflSciently  accurate  results  so  long  as  the  spans  and  sags  are 
moderate.  We  would  suggest  that  some  simple  method,  such 
as  a  set  of  curves,  be  evolved,  based  preferably  on  the  catenary, 
from  which  the  sags  may  be  quickly  and  accurately  determined 
for  all  possible  conditions. 

Ground  Wires.  It  is  generally  agreed  that  overhead  ground 
wires  are  beneficial  as  a  protection  against  lightning.  Just  how 
much  protection  is  actually  afforded,  however,  is  still  a  mooted 
point.  A  report  given  below,  on  this  subject,  from  one  of 
the  large  companies  in  the  West,  well  illustrates  the  feelings 
of  a  majority  of  operating  engineers. 

This  company  has  about  450  miles  (724  km.)  of  60,000- volt  pole  line 
without  overhead  ground  wires,  and  about  100  miles  (160  km.)  with  the 
overhead  ground  wire. 
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In  the  case  of  one  particular  branch  about  42  miles  (67.5  km.)  long, 
running  northerly,  we  feel  that  we  have  had  reliable  and  conclusive 
evidence  that  the  overhead  ground  wire  does  protect.  We  have  had 
a  number  of  thunder  storms  cross  this  line  at  right  angles,  and  while 
lightning  would  sometimes  cause  the  automatic  oil  switches  to  open 
at  the  power  station,  yet  no  real  damage  occurred  to  either  the  line 
conductor  or  insulators,  neither  were  the  poles  split  by  the  lightning 
discharges.  In  other  words,  service  could  be  re-established  at  once. 
On  the  other  hand,  these  same  storms  would  sometimes  destroy  pin 
type  insulators  and  pole  tops,  on  lines  not  protected  with  the  overhead 
ground  wire,  and  the  general  opinion  has  therefore  been  formed  that  the 
overhead  ground  wire  does  protect  against  material  of  the  line  being 
destroyed.  However,  we  do  not  have  either  the  number  or  severity 
of  lightning  storms  that  a  large  portion  of  the  states  do.  We  have, 
on  all  new  work  permitting  the  expense,  equipped  our  lines  with  the 
overhead  ground  wires. 

We  might  add,  however,  that  the  testimony  is  not  altogether  in  one 
direction.  While  we  have  had  very  good  direct  evidence  of  the  useful- 
ness of  the  ground  wire  in  one  line,  on  another  line  we  have  had  several 
instilators  shattered,  notwithstanding  two  ground  wires  on  the  top  of  a 
steel  tower  transmission  line.  These  troubles,  however,  have  been  due 
to  what  we  are  quite  sure  have  been  direct  strokes  of  lightning. 

Insulators 

Reports  received  from  various  parts  of  the  country  indicate 
that  the  suspension  insulator  as  usually  manufactured,  in  the  disk 
type  with  metal  caps  and  pin,  is  quite  satisfactory  when  new,  ac- 
complishing the  purpose  for  which  it  is  intended,  up  to  voltages 
of  at  least  150,000.  The  fly  in  the  ointment,  however,  is  that 
after  they  have  been  a  year  or  two  in  service,  failures  begin  to 
occur,  and  as  time  goes  on  a  large  number  of  the  sections  have 
to  be  replaced.  To  insure  steady  service  on  the  lines  the  in- 
sulators have  to  be  inspected  at  frequent  intervals  to  weed  out 
any  that  have  become  faulty.  This  trouble  is  not  confined 
to  any  make  of  insulator  nor  to  any  section  of  the  country. 
Extracts  from  reports  from  several  companies  are  given  here- 
with which  will  serve  to  show  how  prevalent  the  diflBculty  is  and 
the  means  employed  for  inspection.  The  first  report  deals  with 
conditions  encountered  on  the  lines  of  two  or  three  companies 
in  the  South. 

The  Carolinas  experienced  very  severe  lightning  during  the  past 
summer.  Following  repeated  failures  of  insulators  in  a  limited  portion 
of  a  certain  line,  under  the  writer's  observation,  it  was  believed  that  there 
might  exist  insulators  which  were  punctured,  but  of  which  no  external 
signs  were  visible. 

The  line  in  question  consisted  of  a  single  and  double  circuit  steel  tower 
ttne,  equipped  with  suspension  insulAton  and  one  ground  wire. 
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It  was  accordingly  determined  to  see  if  it  was  possible  to  locate  any 
such  punctured  instilators  by  means  of  a  megger. 

A  megger  was  secured,  giving  500  volts,  and  reading  1000  megohms^ 
The  method  of  procedure  was  as  follows: 

On  a  single-circuit  tower  line  a  party  was  organized  consisting  of 
engineer  in  charge  of  megger,  and  six  linemen,  working  in  pairs.  One 
pair  would  proceed  to  ground  the  line  on  a  certain  tower  and  hold  the 
leads  of  the  megger,  which  consist  of  about  100  ft.  (30.4  m.)  of  standard 
lamp  cord,  to  the  individual  disks  in  the  strings  of  insulators,  by  meant 
of  two  wood  handles.  The  readings  would  then  be  taken,  whereupon 
the  megger  would  be  taken  to  the  next  tower,  on  which  another  pair  of 
men  were  ready  to  go  through  the  same  procedure.  With  this  arrange- 
ment about  four  towers  per  hour  could  be  tested,  each  tower  being 
provided  with  eighteen  disks. 

On  a  double-circuit  line  about  26  towers  were  covered  in  ten  hours. 

The  following  results  were  obtained: 

On  a  total  of  2100  disks  under  observation,  14  of  this  number  were 
found  defective. 

Twelve  disks  had  defects  invisible  from  the  ground,  and  in  two  disks 
the  defects  were  visible  from  the  ground. 

Of  the  twelve  invisible  from  the  ground,  two  of  these  could  be  noted  at 
defective  from  the  tower,  four  could  be  detected  by  very  close  inspection, 
after  taking  down,  and  six  showed  absolutely  no  defect. 

One  of  these  disks,  the  defect  of  which  was  entirely  invisible,  measured 
300  megohms,  two  measured  250  megohms,  and  the  balance  were  less 
than  five  megohms,  which  was  the  lowest  point  on  the  scale.  Good 
disks  were  considerably  over  1000  megohms. 

Insulator  failures  with  reference  to  their  location  on  line,  and  relation  to 

ground  wire: 
On  a  100-kv.  line,  protected  by  ground  wire,  of  a  total  of  94  failures 
of  disks,  it  was  noted  that  28  were  on  the  top  wire,  25  on  the  middle  wire, 
and  40  on  the  bottom  wire. 

Insulator  failures  in  reference  to  steel  towers  vs,  wood  poles: 
Insulator  failures  were  compared  on  the  following  basis: 

100-kv.  tower  line 35,770  disks 

Failures 94  « 

(Wires  arranged  vertically,  single  and  double  circuit,  one  grotmd 
wire) 

60-kv.  tower  lines 2440  disks 

Failures 4     " 

(Wires  arranged  horizontally,  single  circuit,  one  ground  wire) 

60-kv.  wood  pole  line 14,850  disks 

Failures 4     * 

(Wires  arranged  on  right  triangle,  single  circuit,  one  ground  wire) 
60-kv.  wood  pole  line,  using  pin  type  insulators.   5718  insulators 

Failures 1  insulator 

(Wires  arranged  in  right  triangle,  single  circuit,  no  ground  wire.) 

The  suspension  disks  are  10-in.   (25.4  cm.)  corrugated,  tingle  piece 

porcelain.     The  pin  types  are  four-part,    14  in.    (35.5  cm.)   diameter, 

121  in.  (31.9  cm.)  high. 

In  connection  with  theee  failures  it  should  be  noted  that  the  lOO-kr. 
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line  is  equipped  with  six  disks  per  string  and  the  operating  voltage  is 
between  95  and  100  kv.  The  60-kv.  lines  have  three  disks  per  string 
and  operate  at  from  60  to  65  kv.  The  pin  type  insulators  operate  at  60 
to  62  kv. 

Probably  one-third  of  the  failures  on  the  lOO-kv.  line  occurred  when 
the  line  was  dead  and  the  two  ends  of  the  same  grounded.  Of  the  four 
failures,  on  the  60-kv.  wood  pole  line,  using  suspension  insulators,  three 
of  these  occurred  while  the  line  was  temporarily  operating  at  22,000  volts. 
The  pin  insulator  failure  occurred  while  the  line  was  dead  and  all  three 
wires  grounded  at  one  end.  The  question  arises,  after  considering  these 
failures,  whether  there  is  any  use  in  having  more  disks  than  are  required 
to  give  a  reasonable  factor  of  safety  on  insulators,  and  also  whether  wood 
crossarms  on  steel  towers  should  not  be  seriously  considered. 

Next  follows  a  report  from  a  California  company. 

Regarding  the  experience  of  the  Southern  California  Edison  Company 
with  high-tension  transmission  lines,  this  company  built  a  transmission 
line  of  70,000  volts  and  about  120  miles  (193  km.)  long. 

The  towers  are  of  steel,  and  a  pin  type  insulator  was  used,  being  18  in. 
(45.6  cm.)  in  diameter.  These  insulators  were  carefully  tested  out  in 
the  factories  in  the  East,  and  were  of  three  different  makes. 

These  insulators  gave  absolutely  no  trouble  for  a  period  of  at  least 
one  year,  and  the  only  line  trouble  experienced  was  due  to  eagles  grounding 
the  wire  to  the  steel  towers.  However,  after  the  second  year  had  passed 
we  began  to  experience  considerable  puncturing  of  insulators,  and  a  careful 
inspection  disclosed  many  insulators  which  were  honeycombed  with 
minute  cracks.  The  line  was  very  carefully  gone  over,  each  insulator 
being  struck  with  a  piece' of  hickory  wood;  this  being  the  method  used 
in  testing  fine  porcelain  ware  in  the  china  shops.  All  defective  insulators 
were  carefully  culled,  every  one  not  ringing  true  being  at  once  removed. 
We  sometimes  found  indications  of  cracks  on  the  rim  of  the  insulator, 
but  as  a  rule  on  one  or  the  other  of  the  petticoats.  During  the  past  five 
years,  I  have  brought  this  matter  energetically  to  the  attention  of  the 
porcelain  manufacturers,  and  have  always  insisted  that  the  porcelain 
of  the  insulator  shows  an  apparent  aging,  the  cause  of  which  we  have 
been  unable  as  yet  to  determine.  This  may  be  due  to  the  extreme  changes 
of  temperature,  to  the  continual  vibrations  of  the  wire,  or  perhaps  a 
combination  of  the  two;  at  any  rate  the  aging  of  these  insulators  is 
going  on  with  increasing  rapidity,  and  every  inspection  of  the  line  means 
the  finding  of  hundreds  of  defective  insulators  which  were  in  good  shape 
the  year  previous. 

In  changing  these  insulators  over  (which  work  is  going  on  at  present) 
all  are  being  replaced,  both  good  and  bad,  with  the  suspension  type. 
We  have  endeavored  to  use  a  few  of  these  large  18-in.  (45.6  cm.)  insulators 
on  some  of  our  locar33,000-volt  lines,  with  the  idea  that  they  would  be 
serviceable  in  sections  where  the  salt  from  the  sea  rapidly  encrusts  them; 
but  even  at  this  low  potential  we  have  had  many  of  them  break  down 
electrically,  showing  that  the  insulators  which  originally  stood  the  test 
for  100,000  volts  were  rapidly  becoming  wholly  unfit  for  any  of  the  high- 
potential  work. 

Our  experience  with  the  suspension  type  insulator  has  been  too  limited 


114  HIGH-TENSION  TRANSMISSION  [Feb.  26 

to  warrant  us  in  giving  an  opinion  as  to  their  superiority  over  the  pin 
type,  but  on  our  60,000-volt  line,  four  insulators  in  series,  extending  from 
Long  Beach  to  Col  ton,  a  distance  of  approximately  80  miles  (128.7  km.)i 
we  have  discovered  a  great  many  broken  instilators;  especially  when 
used  as  strain  insulators.  These  were  evidently  broken  by  extra  mechan- 
ical strain,  and  showed  no  exterior  indication  of  injury.  We,  however,  are 
watching  this  very  closely,  and  have  gone  to  the  expense  of  changing 
the  sets  of  insulators,  taking  the  old  ones  back  to  our  laboratory  for  test. 
As  stated  above,  there  appears  to  be  a  continual  aging  of  all  porcelain 
insulators  going  on,  and  they  seem  to  be  short-lived.  Whether  this  is 
due  to  the  combination  of  electrical  and  mechanical  strain,  I  am  unable  as 
yet  to  say. 

The  following  report  by  another  engineer  is  along  the  same 
lines. 

Experiments  in  the  method  of  eliminating  defective  insulator  sections 
by  tests  of  insulation  resistance  with  a  megger  have  been  conducted  on 
the  100-kv.  lines  of  the  Yadkin  River  Power  Company  in  North  Carolina 
and  upon  new  insulators  in  Utah  intended  for  erection  on  the  130-kv. 
lines  of  the  Utah  Power  &  Light  Company. 

The  Yadkin  River  Power  Company  operates  96  miles  (154.4  km.)  of 
double-circuit  100-kv.  line  from  the  Blewett  Falls  generating  station  to 
Raleigh  and  connecting  through  to  the  Southern  Power  Company  at 
Durham,  and  also  a  56- mile  (90.1  km.)  single-circuit  line  from  Blewett 
Falls  to  Lumberton.  This  latter  line  is  supported  in  part  by  single- 
circuit  towers  and  in  part  by  double-circuit  towers  carrying  also  a  22-kv. 
circuit.  The  conductor  is  three-strand  No.  1  B.  &  S.  copper.  There 
is  one  overhead  grounded  cable  and  the  insulators  consist  of  six  10-in. 
(25.4  cm.)  disks  of  the  usual  type.  This  line  traverses  a  district  sub- 
ject to  lightning  storms  of  unusual  and  even  extraordinary  severity. 
During  the  past  summer,  the  first  lightning  season  of  the  line's  service, 
there  have  been  numerous  cases  of  instilator  trouble.  Nearly  all  of  the 
trouble  has  been  experienced  over  a  short  section  of  about  six  miles 
(9.6  km.)  length.  The  section  is  in  open  country  and  contains  no  angles 
or  special  features  of  construction,  and  no  explanation  of  its  especial 
susceptibility  is  obvious  except  that  the  storms  appear  to  be  of  greatest 
severity  in  this  vicinity.  Failures  have  occurred  usually  on  insulators 
supporting  the  top  or  the  bottom  conductor.  The  top  conductor  changes 
to  the  bottom  at  a  transposition  point  in  this  trouble  section. 

The  failures  have  been  almost  all  of  the  same  character;  a  disk  will 
be  punctured  through  the  head,  inside  of  the  cap,  the  puncturing  will  be 
accompanied  by  an  explosion  which  will  blow  considerable  porcelain 
from  the  cap,  causing  the  disk  to  separate  and  allowing  the  line  to  drop. 
The  disk  usually  affected  is  the  lowest  of  the  string. 

The  load  at  Lumberton  is  mainly  cotton  mill  power  and  no  power  is 
taken  on  Saturday  afternoon  and  Sunday.  On  Saturday  and  Sunday, 
August  16  and  17,  megger  tests  were  made  of  all  of  the  disks  on  28  towers, 
covering  between  three  and  four  miles  of  the  section  which  has  been 
experiencing  trouble. 

On  the  28  towers  were  94  strings  of  six  disks  each,  or  564  disks.  The 
disks  were  tested  one  at  a  time.     Thirteen  disks  or  2.3  per  cent  were 
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found  to  be  defective,  the  13  disks  occurring  in  12  strings.  Of  the  13 
punctured  disks,  two  would  have  been  apparent  from  the  ground,  since 
the  disks  were  broken;  six  could  have  been  discovered  by  close  inspection 
after  climbing  the  tower,  since  there  were  cracks  in  the  metal  insulator 
cap;  three  could  not  have  been  observed  from  the  tower  but  would  be 
apparent  after  taking  down  the  insulator;  and  in  two  cases  the  disks  did 
not  show  any  visible  evidence  of  having  been  punctured,  although  the 
megger  showed  them  to  have  no  insulation  value. 

Although  these  tests  were  on  a  very  small  scale  and  there  has  been  no 
subsequent  opportunity  for  continuation  of  them,  yet  they  indicate  that 
frequently  a  string  of  insulators  will  fail  gradually,  one  disk  at  a  time, 
and  that  a  considerable  measure  of  protection  may  be  secured  by  periodic 
elimination  tests  with  a  megger,  provided  lines  may  be  taken  from  service 
for  the  tests. 

In  Utah  experimental  tests  have  just  been  started  on  insulators  not 
yet  erected.  The  first  reported  test  was  as  follows: 

A.  400  10-in.  (25.4-cm.)  disks  were  tested  and  found  good.  ^ 

B.  100  10-in.  (26.4-cm.)  disks  of  another   make   were   tested  and 

found  good. 

C.  264  pillar  insulators  each  consisting  of  three  10-in.  (25.4  cm.) 

disks  were  tested;  26  insulators  contained  one  bad  disk  each 
and  two  contained  two  bad  disks  each,  a  total  of  12  per  cent 
bad  insulators  or  4  per  cent  bad  disks. 
The  insulation  resistance  of  the  defective  disks  ranged  from  550  megohms 
to  a  value  below  the  scale  of  the  megger,  which  was  one  megohm. 

D.  12  pillar  insulators  of  another  make,  each  consisting  of  eight 

14-in.  (35.5-cm.)  disks,  were  tested  and  one  disk  found  bad. 

The  insulation  resistance  of  this  disk  was  about  25  megohms. 
The  defective  insulators  had  been  subjected  to  a  factory  high-potential 
test  before  shipment. 

Three  of  the  low-resistance  10-in.  (25.4-cm.)  disks  in  the  pillar  in- 
sulators mentioned  above  were  subjected  to  a  high-potential  test  and 
all  failed,  although  at  such  voltage  values  as  to  make  it  seem  possible 
that  some  would  have  stood  up  for  a  considerable  period  in  service 
before  actually  puncturing.  In  the  case  of  two  others  of  the  low-resist- 
ance disks,  the  metal  caps  were  drilled  off,  but  no  cracks  or  visible  defects 
were  found.  In  general,  it  seems  probable  that  clean  insulators  which 
have  the  low  values  of  insulation  resistance  noted  above  will  not  stand 
high-potential  service,  owing  to  the  local  heating  which  would  inevitably 
result. 

.These  Utah  tests  are  being  continued  with  a  view  to  determining  the 
advisability  of  making  such  tests  of  all  of  the  insulators  on  hand  before 
putting  them  into  service. 

It  is  planned  to  incorporate  a  megger  test  in  the  specifications  for  all 
future  insulator  orders. 

At  voltages  around  110.000  and  even  somewhat  higher,  there 
seems  to  be  no  reason  for  providing  protection  for  the  end  units 
of  suspension  insulator  strings  to  equalize  the  voltage  gradients 
over  the  whole.     There  will  doubtless  come  a  time,  with  higher 
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voltages,  when  such  protection  will  be  needed,  and  experiments 
have  been  made  which  demonstrate  the  efficiency  of  end  shields 
for  this  purpose.  These  shields  act  simply  as  electrodes  for 
equalizing  the  electrostatic  field  in  the  region  occupied  by  the 
insulators.  Shields  should  present  smoothly  rounded  surfaces 
and  edges  and  need  be  no  greater  than  12  to  14  in.  (30.4  to 
35.4  cm.)  in  diameter  to  produce  good  results.  With  these 
shields  may  be  mounted  arcing  rings  or  tips  to  keep  arcs  away 
from  the  insulators,  as  found  necessary. 

Clamps  and  Fittings 

There  are  several  types  of  clamps  on  the  market  intended  to 
secure  the  line  conductors  to  suspension  and  strain  type  in- 
sulators. These  all  perform  this  function  very  well  insofar  as 
they  do  not  allow  the  conductor  to  slip.  Some  are  so  severe, 
however,  that  the  cable  is  mashed  and  unfit  for  taking  strains 
if  the  sags  ever  have  to  be  readjusted,  by  no  means  an  uncommon 
occurrence.  Practically  none  of  the  clamps  are  designed  with 
smooth  outlines  or  with  an  idea  of  avoiding  more  or  less  sharp 
projections  which  cause  static  discharges  at  the  higher  voltages 
and  which  concentrate  the  electrostatic  field  in  that  vicinity. 

Notes  on  Station  Apparatus 

Rapid  improvement  has  been  made  in  the  design  and  construc- 
tion of  transformers  since  the  advent  of  the  higher  voltages. 
It  was  a  comparatively  simple  matter  to  build  a  transformer 
for  60,000  volts  which  would  stand  up  under  all  manner  of  severe 
service  without  ever  giving  any  trouble,  even  when  used  with 
a  large  generating  capacity  back  of  it.  Transformers  built 
along  the  same  general  lines  with  more  insulation  were  then  tried 
at  110,000  volts,  but  trouble  developed  almost  at  once,  sometimes 
through  the  short-circuiting  between  turns  of  the  windings  or 
else  at  tap  points,  and  quite  often  by  the  distortion  of  the  coils 
under  short-circuit  conditions.     It  was  then  recognized    that 

• 

because  of  their  different  physical  constants,  the  higher  voltage 
transformers  were,  so  to  speak,  much  more  susceptible  to  line 
disturbances  such  as  switching,  etc.,  than  those  for  lower  voltage, 
and  the  designs  have  been  changed  accordingly,  much  attention 
being  given  especially  to  the  bracing  of  the  coils.  The  greatly 
improved  results  which  have  been  obtained  since  these  changes 
have  been  carried  out,  testify  to  the  soundness  of  the  principle 
of  strengthening  apparatus  against  failure  rather  than  the 
ending  of  large  sums  on  protective  devices  of  various  kinds. 
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An  important  problem  for  distribution  companies  serving 
sparsely  settled  districts,  especially  those  in  the  West,  is  that 
of  securing  small  high- voltage  transformers,  three-phase  or 
single-phase,  which  wiU  stand  up  under  the  line  switching, 
surges,  etc.,  which  occur  in  ordinary  operation  of  a  large  high- 
tension  system.  The  companies  must  generally  reach  out  for 
all  possible  load  wherever  it  may  be,  and  it  is  of  prime  importance 
that  this  subject  of  small  high-tension  transformers  should  re- 
ceive the  greatest  possible  consideration,  as  the  services  usually 
secured  by  their  use  pay  the  highest  price  for  energy,  making 
it  possible  for  any  company  to  extend  its  lines  to  be  ready  for 
the  business  as  the  country  develops.  Such  transformers  only, 
will  make  it  possible  to  serve  the  farming  community,  which , 
it  is  claimed  by  some,  offers  the  most  attractive  income  now  in 
view  for  operating  companies,  because  of  the  fact  that  once  the 
farmer  is  connected  to  the  lines,  he  will  remain  a  customer 
with  increasing  energy  consumption,  with  good  load  factors, 
and  furthermore,  the  general  expense  of  service,  such  as  collec- 
tions, moving  meters,  etc.,  is  very  much  reduced  with  this 
class  of  service,  in  contrast  to  the  floating  population  of  a  great 
many    cities. 

Oil  circuit  breakers  are  becoming  more  reliable  for  high  po- 
tentials and  heavy  service,  but  it  is  still  unwise  to  attempt  to 
rupture  short  circuits  close  to  the  generators  when  their  com- 
bined normal  capacity  is  much  greater  than  50,000  kw. 

While  it  is  generally  believed  that  the  electrolytic  lightning 
arresters,  as  at  present  developed,  are  the  best  in  their  line  that 
the  art  affords,  it  is  still  quite  difficult  to  make  any  definite 
qualitative  statements  in  respect  to  the  protection  they  actually 
afford  against  lightning  or  other  disturbances.  Certainly  no 
one  would  care  to  take  the  responsibility  of  operating  stations 
without  arresters,  for  they  are  considered  to  be  a  form  of  in- 
surance against  trouble;  but  it  would  be  desirable  to  have  more 
light  on  the  subject. 

Interferences    with    Telephone    and    Telegraph    Lines 

This  is  a  subject  which  has  been  given  but  little  attention, 
although  the  problem  is  a  very  important  one.  Nearby  tele- 
phone and  telegraph  lines  are  sometimes  made  inoperative  when 
any  disturbance  exists  on  the  transmission  line. 

A  good  part  of  the  trouble  of  the  telephone  service  is  due 
to  insufficient  insulatign.    Some  of  the  lines,  before  long-distauc^ 


118  HIGH-TENSION  TRANSMISSION  (Feb.  26 

transmission  was  inaugurated,  ran  through  and  touched  the 
branches  of  tree  tops,  which  caused  leakage  in  wet  weather,  and 
hence  unbalanced  the  wires. 

With  the  troubles  due  to  poor  insulation  overcome  and  the 
transmission  line  well  balanced,  no  further  trouble  was  en- 
countered except  at  times  of  disturbance  or  interruption  on  the 
transmission  line.  With  grounded  systems  this  resulted  in  the 
burning  out  of  telegraph  relays  and  blowing  fuses  on  the  tele- 
phones. 

A  much  more  difficult  matter  to  deal  with  is  the  making 
of  the  transmission  company^s  own  private  telephone  to  operate 
at  all  times.  Usually  the  telephone  line  is  needed  the  most 
at  times  of  trouble  and  this  is  just  the  time  when  it  is  out  of 
service,  having  been  put  out  of  commission  by  the  trouble  itself. 

When  providing  protection  for  a  recent  telephone  line  parallel- 
ing a  high- voltage  system  for  a  distance  of  some  300  miles  (482.8 
km.),  it  was  found  that  there  is  no  protective  apparatus  on  the 
market  capable  of  handling  the  large  induced  currents  which 
are  always  present  on  such  lines. 

Thus  the  apparatus  had  to  be  built,  and  was  of  a  very  substan- 
tial character.  The  basic  principle  which  was  worked  upon  was 
to  make  the  line  subject,  in  the  first  place,  to  as  little  trouble 
as  possible  by  carefully  insulating  and  balancing  it  with  respect 
to  the  transmission  line  circuits.  This  meant  that  transpositions 
had  to  be  placed  at  frequent  intervals.  Furthermore,  no  twigs  or 
other  objects  were  allowed  to  come  into  contact  with  the  wire. 
The  usual  grounding  coils,  but  designed  specially  for  this  purpose, 
were  cut  in  at  each  station.  By  these  means  alone  the  line  was 
rendered  quiet,  even  though  within  00  ft.  (18.2  m.)  of  the  high- 
voltage  wires,  and  conversation  could  be  carried  on  over  a  distance 
of  125  miles  (201  km.)  with  greater  satisfaction  than  over  the 
paralleling  commercial  circuits.  Much  heavier  fuses  were  used, 
for  it  was  not  permissible  to  have  them  blow  out  when  the  circuits 
were  needed  most.  Discharge  gaps  were  provided,  some  of  these 
being  in  vacuum,  which  gave  very  good  results.  The  other 
protection  consisted  of  condensers  and  choke  coils  tor  absorbing 
the  smaller  disturbances  which  would  make  conversation  more 
or  less  unsatisfactory.  It  must  not  be  understood,  however, 
that  any  or  all  of  these  means  can  be  guaranteed  to  produce 
a  quiet  working  line,  for  each  case  must  be  studied  by  itself  etnd 
methods  adopted  to  meet  th^  conditions. 
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APPENDIX  I— DETERIORATION  OF  PORCELAIN 

INSULATORS  IN  SERVICE 

BY  J.  A.  BRUNDIGE 

While  it  has  been  recognized  practically  since  the  inception 
of  the  electrical  art  that  the  commoner  insulating  materials, 
such  as  rubber  and  compound  treated  fabrics,  are  subject  to 
more  or  less  rapid  destruction  when  under  the  influence  of  con- 
tinued electrical  stress,  the  more  solid  insulating  bodies,  like 
glass  and  porcelain,  were  looked  upon  as  being  permanent  in 
their  characteristics  and  it  was  considered  that  they  could  be 
relied  upon  indefinitely  to  perform  their  functions.  This  idea 
in  the  minds  of  engineers  has  persistently  held,  even  though 
a  few  pioneers  a  number  of  years  ago  suggested  that  it  was  not 
impossible  that  glass  and  porcelain  might  be  subject  to  a  mole- 
cular fatigue  when  acted  upon  by  electrical  forces  for  long 
periods,  similar  to  that  exhibited  by  metals  under  repeated 
mechanical  stresses.  Now  it  is  safe  to  assume  that  the  majority 
of  operating  engineers,  having  to  deal  with  higher  voltage  trans- 
mission lines,  have  had  experiences  which  lead  them  to  believe 
in  the  theory  of  electrical  fatigue  in  porcelain.  Whether  this 
comes  about  solely  through  the  continued  application  of  the 
normal  operating  voltage  or  whether  it  is  due  to  the  transient 
overvoltages  which  are  unavoidable  on  any  line,  is  hard  to  say, 
but  the  existing  evidence  points  to  the  latter  conclusion. 

It  must  not  be  understood  that  all  or  even  the  greater  por- 
tion of  the  failures  experienced  with  suspension  type  insulators 
are  due  to  molecular  deterioration  of  the  porcelain.  A  large 
number  of  the  failures  have  been  traceable  to  improper  design 
of  the  insulator  parts  or  to  an  unsuitable  porcelain  body. 

It  has  been  the  experience  of  a  number  of  transmission  com- 
panies to  have  practically  no  insulator  trouble  for  the  first 
couple  of  years  of  operation;  then  the  insulators  began  to  fail 
in  increasingly  greater  numbers,  for  no  apparent  reason.  Closer 
examination,  however,  sometimes  revealed  the  fact  that  minute 
checks  had  formed  all  over  the  surface  of  the  porcelain,  and 
that  the  failure  had  been  due  to  a  crack  extending  clear  through 
the  shell.  This  behavior  of  the  porcelain  has  not  been  con- 
fined to  any  kind  or  type  of  insulator  nor  to  any  one  manufac- 
turer's product. 

The  principal  requisites  for  a  good  porcelain  for  high- voltage 
insulators,  are  high  dielectric  strength  and  mechanical  tough- 
ness.    These  two  qualities  are  somewhat  opposed  to  each  other 
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in  the  actual  manufacture,  for  when  a  high  dielectric  strength 
is  obtained,  the  porcelain  is  apt  to  be  brittle  like  glass.  It  is 
possible,  however,  to  arrive  at  mixtures  which  exhibit  both 
properties  to  a  marked  extent  when  the  firing  has  been  properly 
done,  although  it  is  regrettable  that  some  so-called  high- voltage 
porcelains  appear  to  be  lacking  in  both  of  these  properties. 

This  can  be  better  understood  when  it  is  learned  that  the 
mixtures  used  by  two  prominent  manufacturers,  each  putting 
out  a  product  which  is  accepted  as  reasonably  good,  vary  greatly 
in  the  proportion  of  ingredients  employed.  While  the  felspar 
contents  of  the  two  mixtures  are  of  the  same  order,  one  has 
twice  as  much  flint  as  the  other,  and  the  quantities  of  ball 
clay  and  china  clay  vary  as  much  as  three  to  one.  Yet  the 
different  manufacturers  regard  their  mixing  formulas  as  trade 
secrets,  and  the  proportions  are  religiously  followed  down  to 
tenths  of  one  per  cent.  This  latter  is  doubtless  done  for  the  sake 
of  uniformity  of  product,  which  is  important,  but  until  the 
mixtures  more  nearly  approach  a  recognized  standard,  it  ap- 
pears that  more  or  less  trouble  may  be  expected  with  high- 
tension  insulators. 

Doubtless,  the  factor  having  more  to  do  with  the  failure 
of  insulators  than  the  porcelain  body  is  the  design;  or  in  other 
words,  not  only  must  the  electrical  characteristics  of  the  in- 
sulator, such  as  puncturing  and  flash-over  values,  both  of  which 
are  highly  important,  be  considered,  but  also  the  size  and  shape 
of  the  parts  as  well.  With  certain  pin  type  insulators,  especially 
those  mounted  on  metal  pins,  cracks  have  been  observed  in 
quite  a  number  of  the  petticoats.  These  were  evidently  ex- 
pansion effects  due  to  temperature  changes.  The  same  effects 
have  been  noticed  to  a  greater  extent  with  the  suspension  type 
insulators  provided  with  metal  caps  and  pins.  We  have  here 
porcelain,  cement  and  iron  assembled  together,  the  coefficients 
of  temperature  expansion  of  the  three  being  quite  dissimilar. 
In  this  latitude  the  temperature  variation  between  summer 
and  winter  days  is  well  in  excess  of  100  deg.  fahr.,  and  it  can  be 
appreciated  that  enormous  internal  strains  must  be  set  up  in- 
side of  the  caps.  The  porcelain  being  the  least  able  to  with- 
stand these  forces,  is  the  part  that  suffers  and  cracks,  with  the 
attendant  electrical  punctures  ensuing.  In  the  case  of  an 
insulator  designed  for  high  mechanical  strength  in  tension, 
which  necessarily  means  a  rather  high  cap  with  correspond- 
ingly long  pin,  the  temperature  changes  cause  a  marked  var- 
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iation  in  the  length  of  the  pin  which  is  in  contact  with  the  por- 
celain through  means  of  a  layer  of  cement  for  a  distance  of  some- 
times 2|  to  3  in.  (6.3  to  7.2  cm.)  along  its  length.  The  great 
strain  to  which  the  porcelain  is  subjected  is  then  apt  to  produce 
cracks  perpendicular  to  the  axis  of  the  pin,  which  has  actually 
been  found  to  be  the  case  in  a  large  number  of  instances.  These 
cracks,  however,  are  mostly  very  minute  and  can  hardly  be 
detected  by  the  eye  if  the  cap  and  the  cement  have  been  care- 
fully removed.  A  line  of  ink  drawn  over  the  surface  of  the 
porcelain,  however,  will  nearly  always  disclose  the  cracks,  as 
the  ink  will  be  drawn  along  them  by  capillary  action. 

The  method  of  failure  of  suspension  insulators  with  metal 
caps  and  pins  is  often  quite  characteristic.  Cracks  de- 
velop at  some  point  inside  the  cap,  and  when  the  current 
leakage  through  them  is  sufficient,  a  path  is  fused  through  the 
porcelain  by  the  intense  heat  generated.  If  the  heating  takes 
place  relatively  slowly,  a  hole  is  apt  to  be  fused  through  the  cap, 
through  which  gases  and  melted  porcelain  are  forcibly  expelled, 
but  the  insulator  usually  holds  together  and  continues  to  support 
the  cable.  With  a  large  amount  of  power  back  of  the  break, 
which  may  act  in  the  nature  of  a  short  circuit  inside  the  insu- 
lator, caps  have  been  known  actually  to  explode,  in  which  event 
the  line  conductor  is  allowed  to  fall.  Before  the  burning  of 
the  caps  can  take  place,  it  is  necessary  that  several  of  the  units 
of  an  insulator  string  be  bad,  and  instances  have  been  observed 
where  all  the  caps  of  ten-unit  insulators  have  been  so  affected. 
With  the  better  methods  for  locating  cracks  and  faults  as  soon 
as  they  have  developed,  such  as  the  high-range  megger,  the 
pyrotechnic  displays  above  described  have  become  fewer. 

Because  of  several  instances  of  trouble  of  this  character 
having  recently  been  observed  in  connection  with  suspension 
type  insulators,  some  engineers  have  been  led  to  believe  that 
they  are  unsuccessful,  which  conclusion  is  wholly  unwarranted. 

The  high-range  megger  has  proved  to  be  an  extremely  useful 
instrument  for  the  locating  of  insulator  faults  undiscoverable 
so  far  as  ordinary  means  of  inspection  are  concerned.  Tests 
made  on  a  large  number  of  units  later  checked  up  by  tests 
with  a  high-tension  transformer,  have  shown  that  the  megger 
can  be  absolutely  depended  upon  if  reasonable  care  is  used  to 
see  that  there  is  no  leakage  in  the  conducting  leads.  To  show 
the  sensitiveness  of  the  megger,  the  two  electrodes  can  be  placed 
within  J  in.  (6.3  mm.)  of  each   other  on  a  glazed  porcelain  sur- 
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face  or  upon  a  fractured  surface  where  there  is  no  glaze  and  the 
reading  wiU  be  practically  infinity.  By  blowing  the  breath 
upon  this  siuiace  even  when  the  porcelain  is  at  a  moderately 
high  temperature,  the  moisture  so  deposited  will  be  sufficient 
to  give  a  comparatively  low  reading  on  the  needle.  When  a 
crack  occtu's  in  the  porcelain  up  inside  the  cap  there  is  always 
sufficient  moisture  present  in  the  cement  to  give  an  indication 
on  the  needle,  which  need  not  be  confounded  with  surface  leakage, 
if  the  insulator  is  at  all  reasonably  clean.  If  the  insulators 
are  so  dirty  that  surface  leakage  is  marked,  they  should  be 
cleaned  before  the  megger  test.  Certain  insulators  may  give 
a  reading  of  from  40  to  100  megohms,  and  if  later  tested  with 
a  high-tension  transformer  they  will  not  fail  immediately  upon 
the  application  of  voltage,  but  may  hold  up  until  30,000, 
50,000  or  even  60,000  volts  is  reached  before  puncturing.  Those 
which  show  a  zero  reading  on  the  megger  will  stand  no  voltage 
from  the  testing  transformer. 

An  interesting  experiment  was  recently  made  by  immersing 
a  batch  of  insulators  in  water  at  ordinary  temperature  and 
slowly  bringing  them  up  to  the  boiling  point.  Twenty  insu- 
lators, some  two  or  three  years  old,  were  tested  in  this  manner 
and  every  one  was  found  to  be  ruined  by  the  time  boiling  point 
was  reached.  These  were  from  two  different  manufacturers, 
one  of  whom  has  previously  delivered  batches  of  insulators 
where  bringing  them  to  the  boiling  point  of  water  was  one  of 
the  routine  requirements  before  the  insulators  left  the  factory. 
Other  similar  tests  made  on  new  insulators  of  the  same  design 
did  not  produce  failure,  except  in  a  few  units.  The  probable 
explanation  of  this  is  that  in  the  new  insulators  the  cement 
had  not  yet  attained  its  ultimate  hardness,  and  allowed  the  ex- 
pansion to  take  place  in  the  pin  without  cracking  the  porcelain. 

The  data  at  hand  upon  insulator  failures  are  unfortunately 
very  incomplete,  and  until  these  arc  collected  and  have  been 
studied,  all  designs  brought  forward  must  necessarily  be  lacking  in 
some  respect.  Enough  is  already  known,  however,  to  indicate 
the  general  direction  which  the  new  designs  will  follow,  and  it 
may  be  confidently  predicted  that  the  troubles  experienced  will 
be  materially  lessened  in  the  immediate  future. 
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APPENDIX  II— RADIUS  OF  INFLUENCE  OF  A  DIRECT 

LIGHTNING  STROKE 

BY  L.  C.  NICHOLSON 

A  lightning  stroke  to  earth  at  some  point  adjacent  to  a  high- 
tension  transmission  line  induces  voltages  and  frequencies  in 
the  transmission  conductors  of  sufficient  magnitude  to  affect 
the  insulation  of  the  line,  causing  either  spill-overs  or  punctures 
of  insulators.  The  question  often  arises  as  to  how  near  the  line 
lightning  can  strike  without  affecting  its  operation.  The  answer 
to  this  question  can  never  be  definite,  since  not  only  do  trans- 
mission lines  vary  in  degree  of  both  insulation  and  lightning 
protection,  but  the  character  and  severity  of  lightning  strokes 
undoubtedly  vary  between  wide  limits.  General  atmospheric 
electrostatic  conditions  also  have  an  effect. 

Through  continued  personal  inquiry  it  is  possible  to  arrive 
at  a  general  estimate  concerning  the  radius  of  influence  of  a 
direct  lightning  stroke.  By  noting  objects  which  have  been 
struck  by  lightning  adjacent  to  transmission  lines  and  compar- 
ing the  operation  of  the  line  at  the  time  the  object  was  probably 
struck,  an  opinion  can  be  arrived  at,  which  is  applicable  to  a 
particular  transmission  line  located  in  a  given  lightning  belt. 
Such  an  opinion  undoubtedly  would  have  to  be  modified  con- 
siderably to  apply  to  transmission  lines  of  different  insulation 
characteristics  and  lightning  protection  and  exposure. 

Observation  and  inquiry  lead  to  the  following  general  con- 
clusions on  this  subject. 

1.  It  is  doubtful  if  any  degree  of  insulation  in  use  at  present, 
with  or  without  the  ordinary  protective  measures,  will  with- 
stand the  effect  of  a  direct  stroke  of  lightning  on  the  line.  In 
such  a  case  the  electromechanical  forces  acting  on  the  porcelain 
are  very  high,  usually  causing  insulators  practically  to  explode. 
It  is  not  unusual  in  such  cases  to  find  insulators  shattered  into 
small  fragments,  many  of  which  are  thrown  as  far  as  100  ft. 
(30.4  m.)  from  the  line.  Furthermore,  a  direct  stroke  usually 
envelopes  all  the  conductors  of  a  line  and  sometimes  envelopes 
several  lines  located  relatively  close  together.  This  would 
indicate  that  the  area  of  the  stroke  itself  is  large,  or  that  it  has 
numerous  prongs.  Observation  of  bum  marks  on  conductors 
which  were  struck  when  there  was  no  power  on  the  line  indicate 
by  their  distribution  and  extent  that  the  diameter  of  the  stroke 
was  approximately  20  ft.  (6  m.)  Such  being  the  case  it  is  not 
surprising  that  one  or  more  overhead  ground  wires  cannot 
always  intercept  direct  strokes. 
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2.  Induced  effects  from  strokes  at  some  distance  from  the  line 
may,  on  medium- voltage  lines,  be  of  sufficient  magnitude  to 
cause  flash-over  or  puncture  of  insulators.  Extended  obser- 
vation of  the  operation  of  60,000-volt  pin  type  insulators,  un- 
protected by  overhead  wires,  leads  to  the  estimate  that  the 
radial  influence  of  direct  strokes  is  rarely  in  excess  of  2000  ft. 
(609  m.)  and  may  be  less  than  100  ft.  (30.4  m.).  These  are 
rather  wide  limits,  but  the  most  definite  evidence  available 
indicates  their  probability.  It  appears  that  strokes  of  great 
severity,  2000  ft.  (609  m.),  and  more  in  extreme  cases,  from  the 
line,  produce  disturbances  of  operation,  while  strokes  of  less 
severity  may  occur  at  100  ft.  (30.4  m.)  from  the  line  with- 
out producing  such  results.  These  last  are,  however,  in  our 
opinion,  rare,  and  a  stroke  at  less  than  2000  ft.  (609  m.)  from 
the  line  is  apt  to  cause  trouble. 

In  more  highly  insulated  lines  the  danger  zone  apparently 
decreases  substantially,  and  in  the  most  highly  insulated  circuits 
at  present  in  operation  it  is  probable  that  the  large  majority 
of  induced  effects  are  insulated  and  protected  against,  leaving 
only  direct  strokes  on  the  line  itself  to  be  taken. 

Careful  munerical  tabulation  of  lightning  effects  indicates 
that  direct  strokes  on  the  line  constitute  approximately  10  per 
cent  of  all  lightning  disturbances  on  60,000-volt  pin  type  cir- 
cuits located  in  New  York  State. 

APPENDIX  III— TRANSMISSION  LINE  PROBLEMS    IN 

THE  WEST 

BY  P.  M.  DOWNING 

The  different  power  companies  operating  on  the  Pacific  Coast 
have  done  a  great  deal  in  the  way  of  pioneer  work  in  the  transmis- 
sion of  power  over  long  distances  at  high  voltages.  This  was  due, 
to  a  considerable  extent,  to  the  fact  that  there  is  an  abundance 
of  water  available  for  the  hydroelectric  generation  of  power, 
and  also  to  the  fact  that  the  cost  of  fuel  is  very  high  as  compared 
with  that  further  east. 

The  first  long-distance  transmission  to  be  put  into  successful 
operation  on  this  coast,  if  not  the  first  in  the  United  States,  was 
that  of  the  San  Antonio  Light  &  Power  Company  in  southern 
California,  at  what  is  known  as  their  Pomona  plant.  This 
transmission  was  for  a  distance  of  30  miles  (48.2  km.)  at  10,000 
volts. 
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Transformers  were  at  that  time  not  manufactured  for  such  high 
voltages,  and  it  was  necessary  to  connect  in  series  ten  1000- volt 
transformers  for  stepping  up.  The  low-tension  windings  were 
connected  in  multiple. 

The  first  polyphase  installation  was  made  in  1893,  at  Mill 
Creek,  and  furnished  power  to  the  city  of  Redlands. 

The  success  of  these  undertakings  gave  a  great  impetus  to 
the  hydroelectric  industry,  and  inside  the  next  five  or  six  years, 
there  were  several  different  companies  operating  at  voltages  as 
high  as  60,000. 

The  climatic  conditions  of  the  Pacific  Coast,  and  particularly 
of  California,  are  most  favorable  to  the  operation  of  high- voltage 
lines.  Except  in  the  higher  mountain  districts,  there  is  practi- 
cally no  snow  to  contend  with,  and  there  are  but  very  few  places 
where  lightning  ever  causes  any  trouble.  Some  operating  com- 
panies have  installed  lightning  arrester  equipment,  but  it  is 
not  common  practise  to  do  so.  The  well-known  horn  gap  arrester, 
one  side  of  which  is  connected  directly  to  ground  without  re- 
sistance, has  in  many  instances  been  used  to  advantage,  more  as 
a  voltage-limiting  device  than  as  a  lightning  arrester.  These 
have  proved  quite  satisfactory  for  this  work.  Ground  wires 
strung  above  the  line  wires  have  been  used  to  some  extent,  but 
there  is  so  little  trouble  from  lightning  that  engineers  have  never 
been  able  to  decide  as  to  whether  or  not  there  is  any  advantage 
in  using  them. 

Ver>'  seldom,  if  ever,  is  it  possible  to  find  where  an  insulator 
has  been  punctured  due  to  lightning.  This  is,  possibly,  due  to 
the  fact  that  the  high  voltage  dissipates  itself  over  the  surface  of 
the  insulators.  Many  instances  are  known  where  lightning 
striking  the  line  has  burned  off  one  or  more  wires  between 
poles,  and  gone  to  ground  without  in  any  way  damaging  the  in- 
sulators, and  only  slightly  damaging  the  wood  poles. 

The  greatest  trouble  on  lines  using  the  ordinary  four-part, 
14-in.  (35.5  cm.)  pin  type  insulators  at  voltages  around  60,000 
is  that  due  to  leakage  over  the  insulator.  The  climate  of  this 
coast  is  pectiliar  in  that  there  are  two  seasons,  one  being  dry 
and  lasting  for  six  months,  the  other  being  wet.  During  the 
dry  season,  and  particularly  in  the  sections  near  the  coast,  dust 
and  salt  fog  accumulates  on  the  insulators  to  such  an  extent 
that  leakage  eventually  burns  off  the  pole,  and  sometimes  the 
line  wires,  without  damaging  the  insulators. 

Different  ways  of  overcoming  this  trouble  have  been  tried. 
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Cleaning  the  insulators  does  some  good,  but  does  not  entirely 
eliminate  the  trouble.  After  the  first  heavy  rains  come  on  in  the 
early  winter,  the  insulators  are  washed  off  and  less  trouble  is 
experienced  during  the  rainy  season  than  at  other  times. 

Ungrounded  metal  pins  connected  together  electrically  give 
very  much  less  trouble  than  where  they  are  not  so  connected,  or 
where  wood  pins  are  used.  Grounding  the  pins  has  been  tried 
with  unsatisfactory  results  because  of  arcing  over  the  insulator. 
When  once  so  established  the  arc  will  hold  until  the  voltage  drops. 

The  regulation  of  voltages  on  a  high-tension  network  is  not 
always  an  easy  problem.  No  one  particular  point  can  be  se- 
lected at  which  voltage  can  be  kept  constant,  but  it  is  necessary 
to  keep  it  as  nearly  uniform  as  possible  over  the  entire  system. 
This  is  accomplished  by  the  use  of  synchronous  condensers  lo- 
cated at  the   more   important   distributing   centers. 

These  condenser  regulators  can  be  made  automatic  by  using 
contact-making  voltmeters,  relay  switches  and  motors  to  con- 
trol the  field  rheostats;  in  other  words,  by  the  use  of  auxiliaries 
similar  in  every  respect  to  those  used  in  connection  with  the  well 
known  automatic  induction  regulator.  A  number  of  such  in- 
stallations have  been  in  satisfactory  operation  for  several  years. 

The  first  high -voltage  oil  switches  were  constructed  and 
put  into  operation  in  California.  The  same  general  type  and 
design  that  was  originally  selected  as  being  suitable  for  40,000 
volts  is,  with  slight  modifications,  still  being  used  on  110,000- 
volt  lines.  In  this  particular  switch  the  circuit  is  opened  at  two 
or  four  points,  depending  on  the  voltage  and  load  carried.  The 
contacts  are  made  by  rotating  blades  moving  in  a  horizontal 
plane.  The  separate  oil  containers  for  each  leg  of  the  ciicuit 
are  insulated  from  each  other  and  from  the  ground  by  means 
of  properly  designed  porcelain  bushings  or  insulators. 

Another  very  successful  design  of  swatch  for  the  same  character 
of  service  is  that  using  a  pantograph  arrangement  of  links 
carrying  contacts,  thus  giving  a  break  in  a  vertical  plane.  Both 
of  these  type?  of  switch  have  for  years  been  in  successful  opera- 
tion under  all  condition?  of  load.  They  have  a  weakness  common 
to  all  oil  switches,  in  that  when  operated  under  heavy  short 
circuits  thev  will  at  times  throw  oil  out  of  the  container. 

Outdoor  oil  switches,  either  automatic  or  non-automatic, 
are  being  used  very  generally  for  branch  lines,  or  for  sectionalizing 
trunk  lines.     For  economic  reasons  the  automatic  switches  are 
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very  often  operated  by  means  of  a  solenoid  placed  directly  in 
the  main  line.  Such  an  arrangement  does  away  with  the  use 
of  current  transformers,  but  has  the  objection  that  the  connec- 
tion from  the  movable  plunger  to  the  relay,  or  trip,  must  stand 
the  entire  voltage  from  line  to  ground. 

As  the  sensitiveness  of  the  trip  is,  to  a  considerable  extent, 
dependent  upon  the  weight  of  the  moving  parts,  the  importance 
of  keeping  this  weight  down  to  a  minimum  is  apparent.  Well- 
treated  rods  of  sufficient  length  have  been  used  to  make  the  con- 
nection from  the  plunger  to  the  trip,  or  relay,  but  they  have 
not  been  entirely  satisfactory,  because  sooner  or  later  the  leakage 
burns  them  off. 

Transformer  designs  have  more  than  kept  pace  with  the  art 
of  long-distance  transmission  at  high  voltages,  and  it  is  now 
possible  to  get  satisfactory  apparatus  for  any  voltage  that  can 
be  handled  on  the  lines. 

One  thing,  however,  that  some  manufacturers  have  failed  to 
give  proper  attention  to  is  that  of  supporting  the  windings  to 
prevent  injury  or  distortion  due  to  mechanical  strains  setup 
when  short  circuits  occur.  In  imits  of  large  capacities  and  high 
voltages,  the  coils  are  generally  built  of  strap  copper,  using  one 
turn  per  layer,  these  turns  being  separated  by  one  or  more 
thicknesses  of  insulating  material.  Obviously,  with  such  a 
construction,  the  txims  will  be  easily  displaced,  unless  they  are 
well  supported  on  both  sides. 

A  number  of  failures  have  recently  occurred  where  straight 
vertical  separating  strips  have  been  used  in  assembling  the 
coils,  thus  leaving  the  turns  between  these  separating  strips  un- 
supported throughout  their  entire  length,  and  allowing  them 
to  be  displaced  when  short  circuits  came  on.  Shorter  strips 
placed  diagonally  across  the  coils,  or  wave-shaped  strips,  which 
will  allow  a  free  circulation  of  oil,  will  entirely  overcome  this 
trouble. 

APPENDIX  IV— SWITCHING 

BY  G.  FACCIOLI 

Switching  produces,  in  general,  an  abrupt  change  in  the  value 
of  the  electromotive  force  and  of  the  current  of  the  circuit,  or 
of  either  of  these  quantities,  and  therefore  it  produces  a  sudden 
change  in  the  amount  of  energy  stored  in  the  circuit,  with  the 
result  that  oscillations  are  produced. 

The  severity  of  these  oscillations  depends  on  the  difference  be- 
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tween  the  rtinning  conditions  before  and  after  the  switching  is 
done.  For  instance,  if  a  dead  line  at  zero  potential  is  suddenly 
connected  to  an  alternating-current  generator,  the  oscillation 
produced  will  be  most  severe  when  the  switch  makes  the  con- 
nection at  the  instant  at  which  the  electromotive  force  has  its 
maximum  value.  Likewise,  if  a  short-circuited  line  is  discon- 
nected from  an  alternating-current  generator,  the  oscillation  is 
most  severe  when  the  circuit  is  broken  at  the  instant  at  which 
the  current  passes  through  its  maximimi  value. 

The  oscillations  are  of  two  kinds:  They  may  occur  between 
inductance  massed  at  one  point  of  the  circuit,  and  capacity 
massed  at  another  point  of  the  circuit,  as,  for  instance,  when  a 
dead  line  which  acts  practically  as  a  condenser  is  connected  to 
a  generator  which  acts  practically  as  an  inductance,  or  when  a 
line  (capacity)  connected  at  one  end  to  a  step-down^transformer 
(inductance)  is  disconnected    from   the    generating   system. 

They  may  also  occur  between  the  distributed  inductance  and 
capacity  of  a  part  of  the  circuit,  as,  for  instance,  when  a  line  is 
disconnected  from  a  generator  and  the  energy  stored  in  the  line 
gradually  dies  out,  changing  from  electromagnetic  energy  stored 
in  the  distributed  inductance  of  the  line,  to  electrostatic  energy 
stored  in  the  distributed  capacity  of  the  line  and  vice  versa,  or 
when  an  unloaded  step-down  transformer  is  disconnected  from 
the  line,  its  windings  acting  similarly  to  a  line. 

These  oscillations  do  not,  in  general,  constitute  a  great  danger 
to  the  circuit  if  the  contact  in  the  switch  is  made  once,  positively, 
for  every  switching  operation. 

However,  if  each  switching  operation  is  accompanied  by  arcs, 
so  that  the  circuit  is  repeatedly  closed  and  opened,  then  the  pres- 
sure rises  may  become  dangerous,  and  destructive  cumulative 
oscillations  may  be  set  up  in  the  apparatus.  Furthermore,  at 
the  instant  at  which  contact  is  made,  traveling  waves  are  sent 
out  from  the  point  of  switching  along  the  line  in  both  directions. 
These  traveling  waves  with  steep  fronts  follow,  naturally,  the 
well-known  rules  of  reflection  and  refraction,  and  whenever 
they  strike  a  localized  oscillatory  circuit,  they  excite  in  it  os- 
cillations at  its  natural  period. 

For  instance,  if  a  dead  line  is  suddenly  connected  to  a  live 
line  having  the  same  constants,  a  "  wave  of  charge,"  equal  in 
value  to  one-half  of  the  potential  of  the  live  line,  starts  along 
the  dead  line  from  the  switching  point.  If  the  dead  line  is  open 
at  the  far  end,  the  "  wave  of  charge  "  is  reflected  back  at  double 
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potential^  etc.,  etc.  At  the  same  time  a  '*  wave  of  discharge  " 
starts  along  the  Kve  line  from  the  switching  point  with  a  value 
equal  to  one-half  of  the  original  voltage  of  this  line.  If  the 
live  line  is  connected  at  its  origin  to  transformers,  this  **  wave 
of  discharge  "  is  reflected  back  with  double  voltage  and  may 
excite  local  oscillations  in  the  transformer  windings  or  in  the 
circuits  of  the  power  house,  etc.,  etc. 

These  traveling  waves  are  a  source  of  danger  and  obviously 
the  danger  is  increased  when  sparking  and  arcing  occur  in  the 
switch. 

It  is  seen  from  the  above  that  high-tension  switching,  which 
has  lately  gained  so  much  importance  in  the  art,  should  be  done 
very  judiciously  and  only  when  necessary,  unless  special  pre- 
cautions are  taken  to  avoid  the  disturbances  resulting  there- 
from. 

As  a  rule,  low-tension  switching  is  preferable,  as  this  avoids 
steep  wave  front  phenomena. 

For  instance,  in  energizing  a  line,  it  is  preferable  to  connect 
the  dead  line  to  the  dead  step-up  transformer  and  then  connect, 
by  low-tension  switches,  the  line  and  transformer  to  the  genera- 
tor, rather  than  connecting  the  transformer  alone  to  the  genera- 
tor and  then  switching  the  line  onto  the  high-tension  winding  of 
the  transformer.  Of  course,  in  this  case  it  would  be  still  better 
to  connect  the  line  and  the  step-up  transformer  and  the  generator 
together  while  the  whole  system  is  dead  and  then  bring  it  up 
gradually  to  full  potential  by  the  excitation  of  the  generator. 

Fuses  act  similarly  to  switches,  except  that  the  former  open 
under  load,  while  switches  are,  as  anile, operated  at  approximately 
no-load.  The  sudden  interruption  of  large  amounts  of  current 
results  in  considerable  over-tensions,  and  this  is  the  danger  that 
usually  accompanies  the  blowing  of  fuses. 
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PRACTICAL  OPERATION  OF  SUSPENSION  INSULATORS 


BY    H.    W.    BUCK 

•  Abstract  of  Paper 

The  paper  describes  some  of  the  mechanical  and  electrical 
problems  which  have  been  experienced  on  high- voltage  transmis- 
sion lines  equipped  with  suspension  insulators  and  points  out  some 
of  the  principles  involved  and  some  practical  methods  for  guarding 
against  the  troubles.  Figures  are  given  showing  the  deflections 
which  will  take  place,  for  various  sizes  of  aluminum  and  copper 
conductors,  at  tne  insulators,  under  the  pressure  of  maximum 
probable  wind  velocity. 

THE  APPLICATION  of  suspension  insulators  to  high- 
voltage  transmission  lines,  since  their  first  introduction 
in  1905,  has  been  very  general  on  all  lines  operating  at  voltages 
over  50,000,  and  the  results  obtained  have  been  in  most  cases 
very  satisfactory.  The  change,  however,  from  the  rigid  pin 
insulator  to  a  construction  involving  the  free  and  flexible  sus- 
pension of  the  conductor  in  space  is  a  radical  one  and  the  change 
in  practise  has  taken  place  with  considerable  abruptness,  so 
that  it  is  not  surprising  to  have  experienced  a  new  class  of  line 
troubles.  It  is  the  purpose  of  this  paper  to  point  out  a  few  of 
the  difficulties  which  have  been  experienced,  with  the  hope 
that  a  discussion  of  the  subject  may  lead  to  improved  stand- 
ards of  construction  for  such  lines. 

In  the  pin  insulator  line  the  conductor  is  held  rigidly  at  every 
insulator,  consequently  lateral  and  longitudinal  movement  of 
the  conductor  is  resisted  at  every  point  of  support.  Suspen- 
sion insulators,  however,  except  at  dead-end  connections,  are 
free  to  move  in  all  directions.  The  result  is  that  high  winds 
occasionally  cause  displacements  which  are  electrically  and 
mechanically  dangerous  to  the  operation  of  the  line.  De- 
flections of  suspension  insulators  from  the  vertical  position 
result  also  from  other  causes,  which  will  be  discussed  later. 

Large  angular  deflections  of  suspension  insulators  require 
large  clearance  spaces,  which  necessitate  long  crossarms  and 
increased  cost  of  tower.  Consequently  it  is  desirable  to  limit 
the  deflection  as  far  as  possible.    A  60-deg.  angle  from  the  ver- 
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tical  is  assumed  to  be  the  maximum  allowable  under  extreme 
conditions. 

In  order  to  show  how  nearly  the  above  limitation  can  be 
attained  in  practise,  Table  I  is  given,  indicating  the  deflections 
caused  by  wind  pressure  on  various  sizes  of  conductor,  at  the 
insulator.  The  wind  pressure  assumed  in  the  table  is  15 
lb.  (6.8  kg.)  per  sq.  ft.  (0.09  m.)  of  projected  conductor  area, 
which  is  taken  as  the  maximum.  Wind  pressure  deflections 
are  practically  independent  of  span  length,  since  wind  pressure 
per  span  and  the  force  which  resists  the  wfnd  pressure, 
namely,  the  weight  of  the  conductor,  both  vary  directly  with 
length,  in  the  same  proportion. 


TABLE   I 

- 

A 

B                                    C 

D 

Sise  conductor 

Wind  pressure            Angular  deflection 

1 

Auxiliary    weight 

Stranded  '  Copfbr 

4 

15  lb.                               66  deg. 

0.041  lb. 

3 

15  •                               63     ■ 

0.028     • 

2 

16  ■                               60     - 

0.0 

1 

16  ■                                68     ■ 

0.0 

0 

15  ■                                66     • 

0.0 

00 

16  ■                                52     - 

0.0 

000 

15  ■                                49     ■ 

0.0 

0000 

16  •                                45     - 

Strandbd    Aluminum 

0.0 

2 

15  lb.                               81  deg. 

0.1661b. 

1 

15  •                               79     ■ 

0.161  ■ 

0 

16  • 

78     ■ 

0.171  • 

00 

15  ■ 

77     ' 

0.182  • 

000 

16  ■ 

75     « 

0.186  ■               ! 

0000 

16  ■ 

74     • 

0.196  ■               1 

250000 

16  ■ 

72     ■ 

0.190  • 

300000 

16  ■ 

71     • 

0.177  • 

400000 

16  • 

68     ■ 

0.168  ■ 

600000 

16  ■ 

66     • 

0.126  • 

Experiments  have  shown  that  the  weight  of  the  string  of 
suspension  insulators  themselves  will  not  act  to  resist  wind 
displacement  of  conductor,  since  the  exposed  surface  of  the  in- 
sulators is  sufficient  to  cause  their  deflection  by  wind  pressure 
without  the  attachment  of  the  conductor.  Neither  will  the 
deflection  vary  appreciably  with  the  size  and  design  of  the 
insulators,  since  a  heavier  insulator  ordinarily  exposes  a  larger 
"sail  area."  The  wind  displacement  of  conductor  can  there- 
fore be  assumed  to  be  independent  of  the  number  of  insulators 
in  the  string,  and  of  their  particular  design. 
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Table  I  indicates  approximately  the  wind  deflections  which 
will  take  place  for  various  sizes  of  conductor  under  a  stress  of 
wind  equal  to  15  lb.  per  sq.ft.,  as  above.  Two  tabulations  are 
given,  one  for  copper,  and  the  other  for  aluminum. 

In  Table  I,  column  A  shows  the  conductor  size  in  B.  &  S. 
gage.  Column  B  gives  the  assumed  wind  pressure  in  pounds 
per  square  foot  of  projected  cable  area.  Column  C  gives  the 
angular  deflection  of  the  insulator  from  the  vertical,  due  to  the 
assumed  wind  pressure  on  the  conductor,  asstmiing  that  the 
insulator  itself  deflects  independently  and  neither  increases 
nor  decreases  the  displacement  of  the  conductor.  Column  D 
shows  the  amount  by  which  the  weight  of  the  conductor  would 
have  to  be  increased  in  order  to  reduce  the  deflection  of  the  in- 
sulator under  the  assumed  conditions  to  within  the  60-deg.  limit. 

It  will  be  seen  from  an  inspection  of  the  table  that  all  sizes 
of  copper  except  the  smallest  sizes  listed,  namely.  No.  4  and 
No.  3,  will  ballast  the  insulators  sufficiently  to  keep  the  wind 
deflection  down  to  within  60  deg.  A  line  of  No.  4  B.  and  S. 
wire,  it  will  be  noted,  is  deficient  in  weight  to  the  extent  of  0.041 
lb.  per  ft.  and  No.  3,  0.028  lb.  per  foot. 

Oh  the  other  hand,  all  the  sizes  of  aluminum  cable  listed  will 
allow  deflections  in  excess  of  60  deg.,  and  especially  among  the 
smaller  sizes,  objectionable  displacements  will  occur.  Under 
these  conditions  one  of  the  chief  supposed  advantages  of  aliuni- 
num,  namely,  its  lightness,  becomes  its  disadvantage,  and  the 
actual  ballasting  quality  of  copper  due  to  its  higher  specific 
gravity  and  smaller  size  is  a  distinct  advantage. 

The  larger  sizes  of  conductor  are  more  stable  mechanically 
against  wind  deflection,  since  their  weight  in  proportion  to  the 
surface  exposed  to  wind  is  greater  than  in  the  small  sizes,  the 
weight  increasing  as  the  square  of  the  diameter,  whereas  the 
wind  pressure  is  only  directly  proportional  to  the  diameter. 

Fig.  1  shows  a  method  for  reducing  deflection  which  has  been 
adopted  on  an  alimiinum  transmission  line  in  the  South,  about 
200  miles  (321.8  km.)  in  length,  which  has  produced  satisfactory 
results.  The  line  is  of  No.  0  B.  &  S.  aluminum  cable,  with 
an  average  span  length  of  about  300  ft.  (91.4  m.).  An  auxiliary 
weight  made  of  cast  iron  is  attached  to  the  lower  side  of  the  sus- 
pension clamp  at  every  insulator.  It  is  consequently  placed 
at  a  point  where  it  is  most  effective  as  ballast.  This  arrange- 
ment results  in  very  satisfactory  stability  of  the  line  under 
all  conditions. 
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Column  D,  Table  I,  shows  the  auxiliary  weight  which  mtist 
be  added  at  each  insulator  for  the  proper  stability,  expressed 
in  pounds  per  foot  of  span.  In  the  opinion  of  the  writer,  aux- 
iliary weights  of  this  kind  should  be  provided  on  all  aluminum 
lines  using  suspension  insulators  and  on  all  lines  where  the  smaller 
sizeS;  of  copper  are  installed.  The  auxiliary  weight  not  only 
stabilizes  the  line  against  wind  pressure  but  improves  its  opera- 
tion in  many  ways,  such  as  in  resisting  longitudinal  movement 
of  insulators  under  unbalanced  pull  due  to  a  breakage  some- 
where along  the  line.  It  also  improves  conditions  where  a 
gust  of  wind  strikes  a  single  span  independently,  in  reducing 
the  slack  which  can  be  taken  from  adjacent  spans  due  to  un- 
balanced pressture. 

A  curious  and  unusual  phenomenon  has  been  experienced 
on  at  least  one  suspension  insulator  transmission  line  known 
to  the  writer,  and  is  illustrated  in  Fig.  2.  A  severe  sleet  storm 
had  occurred  along  the  line  during  the  night  and  all  the  con- 
ductors were  covered  with  a  heavy  coating  of  sleet.  When 
the  sun  came  out  in  the  morning  the  sleet  started  to  melt,  but 
it  did  not,  naturally,  fall  off  all  spans  of  the  conductors  simul- 
taneously. The  condition  illustrated  in  Fig.  2  occurred.  Sleet 
has  melted  and  dropped  off  spans  Bi  and  Bz,  leaving  span  Bt 
loaded  and  all  other  conductors  in  normal  position,  either  sleet- 
covered  or  otherwise.  Span  B2  will  then  sag  down,  taking  slack 
from  adjacent  spans,  and  will  come  in  contact  with  conductor 
Ci,  causing  a  short  circuit.  Such  a  combination  of  circum- 
stances, although  unusual,  might  happen  on  any  suspension 
insulator  line  where  the  conductors  are  disposed  in  the  vertical 
plane,  and  should  be  guarded  against. 

On  long  tangents  on  a  suspension  insulator  line  where  there 
are  no  dead-end  connections  installed,  if  a  very  high  wind  strikes 
the  line  at  an  angle  of  about  45  deg.,  cumulative  waves  like  the 
waves  on  the  surface  of  the  water  have  been  observed  to  travel 
along  the  conductors  of  the  line,  causing  a  whipping  action  at 
all  suspension  insulators,  the  waves  finally  "breaking"  as  on 
a  beach  at  the  first  dead-end  connection  met.  This  phenom- 
enon cannot  occur  on  a  pin  insulator  line,  since  the  line  is  con- 
fined at  every  crossarm.  This  trouble  can  be  prevented  by 
dead-ending  the  line  at  frequent  intervals. 

The  methods  of  dead-ending  suspension  insulator  lines  as 
at  present  practised  cannot  be  considered  satisfactory.  There 
is  a  wide  margin  for  improvement  in  the  design  of  the  mechan- 
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ical  fittings  used  for  the  purpose,  especially  in  providing  means 
for  preventing  the  lateral  swing  of  the  jumper  connection. 
Here,  too,  some  form  of  ballast  weight  might  be  used  to  ad- 
vantage. 

In  the  experience  of  the  writer  the  suspension  insulator 
units  which  have  given  by  far  the  best  service  over  a  long  period 
of  time  are  those  of  the  simple  general  form  shown  in  the  as- 
sembly in  Fig.  1.  The  design  of  these  disks  is  entirely  free 
from  corrugations,  flanges,  petticoats,  etc.  While  such  devices 
increase  the  resistance  of  the  insulator  to  surface  leakage  and 
surface  arcing,  the  complexity  of  form  seems  to  introduce  in- 
ternal shrinkage  stresses  in  the  process  of  moulding,  firing  and 
cooling,  which  in  time,  due  to  sudden  temperature  change  or 
mechanical  shock,  will  develop  into  puncturable  faults.  The 
insulator  of  simpler  form  is  cheaper  and  more  can  be  installed 
in  series  at  the  same  cost  and  with  the  same  electrical  factor 
of  safety  as  with  a  fewer  number  of  disks  of  a  more  elaborate 
and  expensive  design. 

In  general,  most  of  the  troubles  which  are  being  experienced 
in  the  various  suspension  insulator  lines  built  to  date  can  be 
overcome  by  the  following  precautions: 

1.  Provide  liberal  clearance  between  conductors  and  between 
conductors  and  supports.  This  should  be  considerably  more 
than  good  practise  would  require  in  a  pin  type  insulator  line. 

2.  Install  the  lightning  ground  wire,  if  used,  high  above  the 
conductors,  so  that  no  combination  of  gusts  of  wind  can  whip 
the  conductor  into  it  when  suspension  insulators  are  deflected 
to  the  maximum  angle. 

3.  Place  auxiliary  ballast  weights  at  every  suspension  in- 
sulator where  aluminum  cable  is  used  and  with  the  smaller  sizes 
of  copper. 

4.  Design  the  jumpers  and  fittings  at  the  dead-end  connec- 
tions so  that  the  jumpers  cannot  possibly  become  displaced 
and  come  into  contact  with  the  crossarm. 

5.  Draw  the  conductor  up  reasonably  tight  throughout  the 
line.  A  too  conservative  allowance  of  slack  to  guard  against 
possible  mechanical  stresses  in  the  conductor  will  cause  more 
trouble  than  it  will  prevent. 

The  insulating  properties  of  suspension  insulators  have  proved 
adequate  for  all  line  voltages  so  far  attempted  up  to  150,000 
volts,  and  the  satisfactory  results  have  been  attained  within 
reasonable  mechanical  dimensions  of  insulators.    The  insulating 
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units  shown  in  Fig.  1,  which  are  about  as  small  as  any  made, 
electrically  or  mechanically,  being  merely  10  in.  (25.4  cm.)  disks 
of  plain  sxirface,  will  arc  over  "dry"  at  about  80,000  volts  and 
"wet"  at  about  50,000  volts.  The  arc-over  voltage  is  well 
under  the  puncture  voltage.  Insulating  units  of  more  elaborate 
design  will  withstand  considerably  higher  voltage  tests.  Mechan- 
ically, such  insulators  will  withstand  tension  stresses  of  at  least 
5000  lb.  (2268  kg.) 

In  determining  the  proper  number  of  disks  to  be  strung  in 
series  it  is  advisable  to  install  the  number  required  for  the 
desired  factor  of  safety  and  then  to  add  at  least  one  disk  for 
reserve  against  breakage.  In  other  words,  the  insulator  should 
have  a  sufficient  number  of  disks  in  series  so  that  in  case  one 
or  more  are  broken  or  punctured  the  remaining  intact  disks 
will  afford  a  sufficient  margin  of  insulation  for  safe  operation 
until  such  time  as  the  broken  disks  can  be  replaced. 

On  this  basis,  asstuning  an  insulation  factor  of  safety  of  two, 
an  80,000- volt  line  would  require  four  of  the  disks  of  Fig.  1, 
100,000  volts,  five  disks,  and  so  on  for  higher  voltages.  These 
results  are  interesting  for  comparison  with  the  probable  cost, 
mechanical  dimensions  and  strength  of  a  pin  insulator  which 
might  give  equivalent  results. 
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Discussion  on  Sub-Committbb  Report  on  '^  Problbms  op 
High-Tbnsion    Transmission    Linbs  "    (Sothman    and 

OTHBRS),     AND     ''  PRACTICAL    OpBRATION     OP     SUSPBNSION 

Insulators  "  (Buck),  Nbw  York,  Fbbruary  26,  1914. 

H.  W.  Buck:  I  want  to  corroborate  what  has  been  said  in 
regard  to  the  sag  table.  It  is  one  of  those  engineering  problems 
which  are  worked  out  in  the  oflSce  in  accordance  with  certain 
theoretical  laws  which  are  apt  to  be  more  or  less  disregarded  in 
the  field.  There  are  many  such  phases  in  engineering,  and  there 
are  some  good  reasons  for  disregarding  the  exact  science  of  such 
deductions  in  field  work.  A  sag  table  is  worked  out  usually  for 
level  country,  with  a  few  cases  given  as  exceptions  to  apply  to 
certain  typical  points  on  the  line  where  the  profile  varies  from 
level.  With  a  line  crew  out  in  the  motmtains  imder  severe  stress 
of  weather,  working  as  best  they  may,  possibly  at  low  tempera- 
ture and  with  high  winds,  it  is  absolutely  impossible  to  get  con- 
struction men  to  pay  attention  to  such  refinements  as  are  usually 
given  in  sag  table  calculations. 

The  point  of  this  is  that  we  should  not  rely  too  much  on  theo- 
retical data  of  this  sort.  We  should  give  our  instructions  in 
such  form  and  should  make  our  designs  with  sufficient  margin  so 
that  results  can  come  within  the  scope  of  action  of  the  average 
construction  crew,  and  not  make  the  operating  success  of  a 
transmission  line  dependent  upon  the  fulfilment  of  all  of  the  exact 
theory  exemplified  in  a  sag  table. 

F.  W.  Peek,  Jr.:  It  requires  a  certain  energy  concentration 
to  rupture  insulation,  break  down  insulators,  etc.  Such  energy 
concentration  may  result  when  sudden  changes  are  made  in  the 
stored  energy  of  the  system.  These  sudden  changes  may  result 
from  internal  conditions  or  by  energy  impressed  from  external 
sources,  such  as  lightning.  The  results  during  such  changes 
are  called  transients.  In  modem  High-voltage  engineering  the 
term  "  transient  "  has  become  a  common  and  important  word. 

In  order  that  energy  may  be  transmitted  from  one  point  to 
another  point  to  be  utilized  as  useful  work,  energy  must  be 
stored  in  the  space  surroimding  the  conductors,  in  two  forms — 
dielectric  and  magnetic.  Energy  is  stored  in  the  dielectric 
circuit  with  increasing  voltage  and  delivered  back  with  decreas- 
ing voltage.  Energy  is  stored  in  the  magnetic  circuit  with  in- 
creasing current  and  delivered  back  with  decreasing  current. 
With  transients,  as  with  all  electrical  phenomena,  there  are  three 
constants  with  which  the  engineer  must  deal :  with  resistance ,  which 
causes  the  absorption  of  energy  somewhat  analogous  to  friction; 
with  capacity  and  inductance,  which  act  as  energy  storage  res- 
ervoirs. 

The  energy  stored  in  the  magnetic  field  is 
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The  energy  stored  in  the  dielectric  field  is 


When  the  ctirrent  is  zero,  all  of  the  energy  is  stored  in  the  di- 
electric. 

If  t  is  suddenly  changed,  after  a  given  time  the  circuit  grad- 
ually assumes  a  new  e  and  i.  The  transient  occurs  between  the 
initial  and  final  values  of  i.  During  this  time  energy  is  trans- 
ferred from  one  form  to  another  at  a  given  definite  frequency 
called  the  natural  period  of  the  circuit: 


4ir  VlC 


The  resistance  of  the  circuit  acts  as  a  damper  and  gradually 
dissipates  this  energy. 

For  example:  suppose  a  switch  is  suddenly  opened  when  all 
of  the  energy  is  stored  magnetically,  i  is  suddenly  reduced  to 
zero.  The  energy  must  be  changed  to  dielectric  energy  or  the 
voltage  must  first  be  increased  to  a  sufficient  extent  to  store  this 
energy  in   the   capacity;  thus  « becomes 
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The  term  v  —^  thus  acts  somewhat  as  in  impedance  and  for  this 

reason  is  called  "  surge  impedance.''  When  energy  changes  from 
one  form  to  another  in  this  way  at  regular  time  intervals  and  no 
energy  is  transferred  along  the  circuit,  it  is  called  a  **  free  oscil- 
lation.' The  oscillation  continues  until  the  energy  is  dissipated 
by  the  resistance. 

When  an  oscillation  is  impressed  upon  a  circuit  which  has  no 
definite  relation  to  its  natural  period,  it  is  called  a  "  fo  ced  oscil- 
lation." 

If  electrical  energy  from  some  external  source — such  as  light- 
ning— is  suddenly  impressed  upon  a  transmission  circuit,  it  travels 
along  the  circuit  with  the  velocity  of  light  and  it  is  called  a 
"  traveling  wave."  The  energy  stored  magnetically  is  equal  to 
the  energy  stored  dielectrically.  The  traveling  wave  may  thus  be 
thought  of  as  being  made  up  of  a  voltage  wave  and  a  ciurent 
wave  in  phase. 

In  a  standing  wave  the  voltage  and  current  are  at  90  deg. 
(and  not  in  phase  as  in  the  traveling  wave),  as  in  this  case  no 
ene  gy   transfer  takes   place. 

These  various  transient  phenomena  are  all  subject,  to  a  certain 
extent,  to  calculation,  but  experimental  work  is  necessary  to 


r/ 


140  HIGH-TENSION  LINES  [Feb.  J 

determine  their  cause  and  the  means  fo:*  their  suppressio: 
The  effects  may  be  quite  different,  depending  upon  the  apparatu 
For  instance,  low- voltage  high-frequency  forced  oscillations  ms 
be  impressed  upon  a  circuit  without  damage,  except  in  certain  a] 
paratus  containing  inductance  and  capacity,  where  very  high  loc 
over- voltages  may  be  built  up.  A  single  impulse  of  very  ste< 
wave  front  may  be  applied  to  an  insulator.  The  voltage  of  th 
impulse  may  be  many  times  the  60-cycle  puncture  voltage  of  tl 
insulator.  Flash-over  results.  During  the  flash-over,  whi( 
requires  a  very  small  but  definite  time  to  start,  this  insulator 
strained  and  small  local  cracks  may  result.  A  sufficient  numb 
of  these  impulses  will  cause  breakdown  of  the  insulation, 
two  gaps  of  differently  shaped  electrodes  are  spaced  so  i 
to  spark  over  at  100  kv.  at  60  cycles,  and  these  gaps  are  the 
placed  in  parallel  and  an  impulse  of  steep  wave  front  is  appl'e 
discharge  will  take  place  across  one  gap  and  not  the  other,  eve 
though  the  non-sparking  gap  is  greatly  decreased  in  length.  Tl 
voltage  is  high  enough  to  spark  over  either  gap.  It  therefoi 
goes  over  the  gap  requiring  the  least  time  to  rupture.  It  may  1 
interesting  to  note  that  a  traveling  wave  1000  ft.  (305  m.)  lor 
passes  a  given  point  on  a  transmission  line  in  approximately  oi 
millionth  of  a  second.  It  can  be  seen  that  the  experimen*  al  prol 
lem  is  a  difficult  one. 

From  the  protection  standpoint,  oscillations  must  be  absorbc 
and  dissipated  by  resistance  or  the  wave  front  of  traveling  wav< 
modified  by  the  two  other  circuit  constants. 

Spectacular  "  high-frequency  "  tests  blindly  made  on  appar^ 
tus  are  barbarous.  Tests  of  this  sort  should  never  be  mac 
unles  thoroughly  understood.  Rupture  does  not  take  pla< 
at  a  lower  voltage  at  high  frequency  (where  heating  does  n< 
result)  but  generally  a  higher  voltage  is  required  to  accomplis 
the  same  destruction  in  the  limited  time.  Damage  results  froi 
I  the  enormous  local  concentration  of  voltage. 

Certain  phenomena  which  always  exist  go  unnoticed  in  ei 
gineering  until  the  energy  involved  becomes  great  enough  1 
;  \  make  them  problems.     The  turning-point  may  be  quite  suddei 

!  j  and  it  often  appears  as  if  new  i  nd  mysterious  factors  ente 

j  j  Such,  in  a  way,  was  the  case  of  corona  on  transmission  line 

!  ;  Up  to  80,000  volts  or  so  the  conductors  were  sufficiently  larj 

'  so  that  dielectric  flux  concentration  was  not  great  enough  1 

'  cause  rupture.     In  order  to  keep  the  same  amount  of  copper  an 

:  -  transmit  greater  energy,   the  voltages  were  increased.     Th 

increase  of  voltage  was  just  sufficient  to  bring  the  dielectr 
;  flux   density   past   the   rupturing   point.     Corona   phenomer 

■  changed  from  those  of  a  few  brush  discharges  at  rough  points  c 

the  conductors  to  complete  breakdown  of  the  air  around  the  coi 
I  i  ductors.     Corona  thus  became  a  problem,  and  the  laws  of  coron 

loss  were  determined.  A  similar  turning-point  has  just  bee 
passed  in  solid  insulation.  The  insulation  problem  has  change 
from  a  mechanical  problem  to  a  problem  of  the  dielectric  circui 
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Chailes  E.  Waddell:  I  am  inclined  to  think  a  right-of-way 
easement  is  to  be  preferred  to  ownership  in  fee.  Ustially  an 
easement  is  cheaper  to  acquire;  and  when  containing  a  proviso 
for  ample  clearing  of  timber  an  easement  will  serve  every  ptir- 
pose.  The  length  of  the  span  determines  the  width  for  timber 
clearance,  and  while  the  right-of-way  strip  may  itself  be  of  in- 
considerable width  it  may  be  very  necessary  to  clear  high  stand- 
ing timber  to  quite  a  distance  from  the  line,  as  high  winds  fre- 
quently blow  the  line  far  out  of  plane. 

As  to  the  question  of  grounded  steel  towers  versus  wooden 
supports,  I  confess  that  at  the  present  stat  ^  of  the  art  I  am  lean- 
ing back  toward  wooden  pole  construction  with  wooden  arms 
and  non-grounded  fittings.  I  have  in  mind  a  line  where  a  steel 
tower  line  is  paralleled  by  a  wooden  pole  line,  both  60,000  volts, 
from  the  same  transformers.  The  wooden  pole  line  is  of  standard, 
conventional  crossarm  construction,  with  pin  type  insulators. 
The  steel  tower  line  is  equipped  with  suspension  insulators. 
The  interruptions  on  the  suspension  insulator  line  have  been  too 
numerous  to  count,  while  the  wooden  pole  line  has  yet  to  have 
its  first  interruption. 

A  point  brought  out  by  Mr.  Buck  is  the  question  of  line  bal- 
lasting and  the  effect  of  swinging  of  insulators.  It  seems  to  me 
that  it  is  desirable  to  suspend  the  insulators  so  that  they  have 
infinite  latitude  to  swing  with  the  line,  making  a  hinge  for  that 
ptupose,  but  that  the  movements  across  the  line  be  restricted  to 
the  lost  motion  in  the  joints  themselves.  With  a  wind  blowing 
across  the  line,  the  swinging  is  restricted  to  the  individual  span, 
— the  line  as  a  whole  is  not  deflected  outward.  This  prevents  a 
wave  starting  that  may  ultimately  end  in  the  line  rotating,  with 
the  result  in  some  cases  of  wrapping  the  conductor  around  the 
ground  wire. 

I  heartily  agree  with  Mr.  Buck  as  to  the  wisdom  of  using  a 
number  of  small,  single-piece,  inexpensive  disk  insulators.  I 
believe  these  are  to  be  preferred  to  the  use  of  the  two-part  in- 
sulator with  its  greater  surface  and  greater  first  cost. 

I  cannot  say  that  I  agree  with  Mr.  Buck  on  the  subject  of 
ballasting  the  line,  however.  It  seems  to  me  it  might  be  a  very 
excellent  desiderattun  where  some  emergency  condition  had  to 
be  met,  but  in  designing  new  work  I  think  that  a  lower  voltage 
and  larger  wire,  a  more  carefully  graded  line,  and  closer  tower 
or  pole  spacing,  would  meet  the  same  ends  without  introducing 
the  added  weight  on  structures  and  stresses  on  the  insulators. 

Reference  was  made  in  Mr.  Brundige's  paper  to  the  fatigue 
of  porcelain.  I  want  to  suggest  that  this  fatigue,  perhaps,  is  not 
due  alone  to  the  electrical  stresses,  but  to  a  combination  of 
electrical  and  mechanical  stresses.  The  majority  of  insulators 
strung  up  and  sustaining  only  their  own  weight  successfully 
withstand  laboratory  test  for  flash-over  and  punctiu-e.  The  same 
strings  of  insulators  when  placed  on  the  line  and  supporting  the 
weight  of  the  conductor,  which  may  be  1000  lb.  (453  kg.)  or 
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more,  break  down  under  a  very  slight  rise  in  voltage.  The  only 
conclusion  I  have  been  able  to  reach  in  the  matter  is,  that,  due 
to  some  obscure  phenomenon,  the  dielectric  strength  of  the  in- 
sulators is  weakened,  and  that  if  the  mechanical  stresses  were 
removed  the  insulation  would  in  all  probability  be  as  high  as 
when   actually   tested. 

Of  the  types  of  conductor  mentioned  in  the  committee's 
report,  the  one  that  partictdarly  appeals  to  me  is  the  steel-cored 
aluminum.  I  built  an  experimental  line  of  this  material  in  1910. 
The  line  was  seven  miles  (11.3  km.)  long  and  of  three  conductors, 
equivalent  in  carrying  capacity  to  No.  0  copper.  The  wire  had  a 
breaking  stress,  I  believe,  of  some  6000  lb.  (2720  kg.),  and  an 
elastic  limit  of  some  4000  lb.  (1815  kg.).  The  cables  were  drawn 
with  a  dynamometer  to  about  one-fourth  the  ultimate  strength; 
approximately  1500  lb.  (680  kg.)  The  topography  of  this 
particular  line  indicated  that  some  such  conductor  was  best 
suited  to  the  particular  need.  The  spans  varied  from  ap- 
proximately 200  ft.  to  2400  ft.  (61  to  730  m.). 

I  have  had  this  line  under  critical  and  constant  observation 
since  it  was  built,  and  have  no  fault  to  find  with  it  whatever. 
Due  to  bad  judgment  on  my  part,  the  wires  were  placed  too  close 
together,  and  the  high  winds  have  occasionally  swung  them  to- 
gether; and  when  the  bum  is  sufficient  to  fuse  the  altmiinum, 
it  is  found  that  the  steel  core  sustains  the  strain,  and  further, 
that  the  aluminum  under  the  stress  unwraps  and  frays,  making  it 
easy  to  locate  the  place  by  observation  from  the  ground. 

Another  reason  for  using  it,  a  reason  which  I  think  is  a  good 
one,  is  that,  assuming  the  life  of  the  cable  is  short,  say  twenty 
years  for  example,  the  saving  over  the  cost  of  copper  for  such  a 
line  is  ten  per  cent  to  fifteen  per  cent;  and  if  the  line  is  completely 
destroyed  within  the  twenty  years,  the  material  has  justified 
its  use. 

Percy  H.  Thomas:  The  most  important  topic  brought  up, 
it  seems  to  me,  is  the  matter  of  the  so-called  deterioration  of 
porcelain.  It  has  developed  to  a  critical  point  during  the  last 
year  in  many  different  parts  of  the  country  and  with  many  dif- 
ferent kinds  and  makes  of  insulators.  The  deterioration  has  de- 
veloped, sometimes,  where  it  could  not  possibly  be  due  to  elec- 
trical causes;  and  sometimes  it  is  an  open  question  whether  it 
is  not  due  to  electrical  causes.  The  problem  is  to  find  out  what 
it  is,  and  how  to  overcome  it. 

I  think  we  can  conclude  that  it  is  not  due  to  the  deterioration 
of  porcelain  per  sty  for,  taking  the  worst  cases  of  breakdown  of 
insulators,  there  are  many  instilators  which  are,  apparently, 
absolutely  uninjured,  and  moreover,  in  any  which  are  injured, 
much  material  is  good.  It  is,  in  my  opinion,  therefore  not  a 
deterioration  of  the  porcelain  per  se.  It  is,  further,  not  always 
due  to  the  presence  of  electrical  potential.  I  think  that  in  all 
probability  a  great  deal  of  the  deterioration  is  due  to  things 
that  happen  during  the  processes  of  manufacture.  When  you 
remember  that  the  material  at  one  time  is  in  a  plastic  state, 
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and  that  when  it  is  burned  it  has  to  shrink  into  a  semi-crystalline 
mass,  keeping  every  portion  intact,  you  can  see  that,  during  the 
forming,  the  pressing  and  the  twisting  it  gets,  somewhere  on  the 
interior  there  may  very  readily  occur  a  slight  plane  of  weak- 
ness or  an  actual  separation.  The  edges  may  be  daubed  over 
and  adhere,  yet  this  fault  will  never  be  corrected.  There  may 
be  enough  good  porcelain  to  hold  the  potential  during  the  test, 
while  the  insulator  is  new,  before  the  faults  develop,  but  after 
repeated  heating  and  cooling  or  strains  produced  by  expansion 
of  other  parts,  there  may  be  further  development  of  the  me- 
chanical fault.  I  think  the  evidence  of  the  general  situation 
points  to  this  conclusion. 

You  cannot  exactly  blame  the  manufacturers  for  it,  as  they  are 
doing  the  best  they  can,  and  there  is  no  one  manufacturer  who 
has  all  the  trouble.  It  is  a  problem  which  we  must  work  out 
with  time,  and  meanwhile  we  must  find  some  way  of  detecting 
the  bad  insulators.  That  can  partly  be  done  by  tests,  but  we 
need  a  few  new  tests. 

If  we  can  assume  that  the  difficulties  in  high-tension  insulators 
are,  most  of  them,  due  to  defects  depending  upon  the  history  of 
the  individual  insulator,  that  immediately  puts  a  premium  on 
the  two-piece  insulator  with  two  shells  independently  made,  and 
put  together.  For  if  one  shell  is  defective  there  will  not  be,  in  all 
probability,  another  defective  shell  along  with  the  first.  But 
with  the  two-piece  insulator  the  fiash-over  voltage  should  be 
so  low  that  a  single  piece  of  porcelain  will  be  sufficient  to  with- 
stand the  full  strain  and  prevent  a  puncture.  If  reliance  is 
placed  on  one  shell  when  the  other  is  injured,  that  shell  alcHie 
must  be  able  to  take  care  of  the  flash-over.  This  double-piece 
insulator  has  a  great  advantage,  considering  incidental  mechanic 
cal  strains,  in  that,  if  due  to  expansion,  or  heavy  stress,  there  is 
a  small  check  on  the  inner  petticoat,  due  to  mechanical  reasons, 
there  still  remains  the  outer  shell  intact.  The  mechanical 
strains  on  the  outer  shell  are  far  less,  on  account  of  the  larger 
dimensions. 

R.  J.  McClelland:  As  to  tower  specifications,  I  am  thoroughly 
in  agreement  that  in  all  tower  calculations  the  figured  ultimate 
strength  of  the  structure  should  be  determined  by  the  elastic 
limit  of  the  steel;  also  that  at  least  one  of  each  type  of  tower 
should  be  tested  to  failure  and  the  working  loads  for  which  the 
tower  is  to  be  used  checked  against  the  actual  ultimate  strength. 

With  regard  to  the  term  "  factor  of  safety,"  I  am  of  the  opipion 
that  the  use  of  this  term  as  applied  to  a  transmission  line  tower, 
as  a  whole  structiu'e,  is  misleading  and  should  be  abandoned, 
and  that  the  term  **  margin  of  safety  "  should  be  adopted  in  its 
stead.  The  term  **  factor  of  safety  ''  should  be  used  |hen  only 
with  reference  to  the  unit  stresses  of  the  individual  members  of 
the  structure. 

The  term  "  margin  of  safety  "  indicates  the  relative  excess 
strength  of  the  built-up  structure,  and  has  no  direct  relation 
to  the  unit  stresses  in  the  members. 
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When  writing  specifications  for  towers  one  should  consider 
the  specified  test  loads  as  being  practically  the  ultimate  strength 
of  the  structure.  The  working  loads  should  then  be  specified 
with  an  ample  margin  of  safety,  and  these  working  loads  should 
be  put  in  the  specifications  for  field  use,  instead  of  the  test  loads. 
In  this  way,  the  tendency  of  the  construction  men  to  consider 
the  tower  good  for  all  loads  that  do  not  exceed  test  loads  will  be 
avoided. 

With  regard  to  tower  footings,  it  would  be  valuable  to  receive 
data  from  various  engineers  as  to  the  comparison  of  steel  footings 
in  earth  with  similar  footings  encased  in  concrete.  In  some  earths 
and  localities  a  standard  type  of  concrete  footing  can  be  installed 
as  cheaply  as  a  safe  earth  footing  and  gives  much  better  con- 
struction, while  in  other  situations  the  earth  footing  is  amply 
safe  and  much  cheaper.  In  the  case  of  towers  with  concrete 
footings,  I  consider  it  well  to  make  a  substantial  earth  connection. 
This  is  a  feature  that  has  been  neglected  on  many  of  the  earlier 
lines. 

It  would  be  valuable  to  possess  reliable  data  on  the  action  of 
alkaline  soils  on  steel  or  concrete  tower  footings  and  on  the  eflEec- 
tiveness  of  concrete  waterproofing  methods,  either  integral  or 
external,  in  preventing  this  action.  When  earth  footings  are 
used  in  acid  or  alkali  soils,  we  would  reconmiend  protection  of  the 
stubs  either  by  the  application  of  coal  tar  or  other  suitable  paint 
for  perhaps  two  feet  (60  cm.)  below  and  one  foot  (30  cm.)  above 
ground  level,  or  by  a  concrete  sleeve  cast  in  a  hinged  sheet  steel 
or  other  form,  covering  the  same  portion  of  the  steel  stub. 
Both  methods  leave  the  towers  well  groimded  through  the  steel 
grillage  of  stubs  and  provide  additional  protection  at  the  point 
where  corrosion  is  likely  to  be  most  active. 

Taking  up  the  question  of  the  arrangement  of  conductors, 
with  regard  to  the  "  staggering  "  of  conductors  in  vertical  ar- 
rangement, it  would  be  interesting  to  learn  from  the  engineers 
who  have  used  the  extended  middle  arm  construction  if  this  has 
given  the  desired  freedom  from  "  sleet  jump  *'  troubles.  Has  it 
been  proved  that  2  to  3  ft.  (60  to  91  cm.)  horizontal  offset  in  a 
span  of  over  1000  ft.  (305  m.)  gives  satisfactory  operating  condi- 
tions at  voltages  of  60  kv.  and  over? 

For  protection  against  severe  wind  conditions  only,  the  verti- 
cal arrangement  of  conductors  is  the  better,  whereas  the  horizon- 
tal arrangement  of  conductors  is  better  for  protection  against 
slest  troubles. 

In  some  recent  110-kv.  construction,  an  interesting  expedient 
has  been  used  to  guard  against  excessive  sag  produced  in  one  span 
due  to  unequal  distribution  of  sleet  over  the  adjacent  spans. 
At  every  third  or  fourth  suspension  tower  a  special  "  semi- 
tension  "  insulator  construction  is  used;  that  is,  instead  of  one 
single  string  of  insulators  in  suspension  which  allows  the  conduc- 
tor to  move  in  the  direction  of  the  line,  as  much  as  14  in.  (35  cm.) 
in  the  case  of  extreme  imeven  sleet  load,  two  strings  have  been 
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used,  attached  to  the  tower  at  an  angle  of  45  deg.  like  an  inverted 
V.  Under  normal  conditions  a  tower  with  this  construction 
is  practically  a  suspension  tower,  and  the  conductor  runs  straight 
tlmmgh  without  a  sudden  change  in  direction,  such  as  occurs  at 
a  tower  equipped  with  tension  insulators  and  a  jumper;  but 
whenever  tmequal  sleet  loading  takes  place,  the  tendency  of  the 
heavily  loaded  span  is  to  rob  the  adjacent  spans  of  their  sag, 
and  tins  is  opposed  by  one  of  the  "  semi-tension  '*  strings  acting 
more  as  a  tension  insulator.  I  understand  that  sand-bag  load- 
ing tests  have  indicated  this  construction  to  be  effective  and  the 
application  of  this  idea  might  prove  of  benefit  for  existing  lines 
in  the  heavy  sleet  territories.  This  installation  will  be  watched 
with  interest. 

It  may  be  noted  that  I  have  used  the  term  "  tension  insulator  *' 
in  place  of  the  usual  "  strain  insulator,"  as  the  former  designation 
would  seem  more  closely  descriptive  of  the  actual  working  con- 
ditions of  the  insulator. 

As  to  railroad  and  telephone  crossings,  during  the  past  year 
we  have  installed  a  modified  type  of  crossing  protection  on  our 
lines  in  various  parts  of  the  country,  that  has  met  with  the  approval 
of  the  railroads  and  the  signal  companies.  This  construction 
consists  of  two  parallel  strings  of  standard  suspension  insulators 
spaced  15  in.  (38  cm.)  apart  in  the  direction  of  the  line,  suspended 
from  the  ends  of  a  Z  bar  rigidly  secured  at  right  angles  to  the  axis 
of  the  crossarm,  and  the  suspension  clamps  positively  spaced  at 
the  conductor  end  by  a  malleable  cast  iron  bar;  the  latter  serves 
as  the  clamping  piece  in  both  suspension  clamps,  and  has  pro- 
jecting ends  which  act  as  arcing  tips.  Standard  towers  designed 
for  use  with  either  suspension  or  tension  insulators  are  used  at 
each  end  of  the  crossing  span,  this  span  being  somewhat  reduced 
in  length  compared  with  the  normal  span.  The  main  considera- 
tions leading  to  the  adoption  of  this  construction  were  as  follows: 

(1)  That  of  increasing  the  safety  of  the  crossing  span  by  the 
use  of  an  extra  string  of  suspension  insulators  to  support  the 
conductor  in  case  of  mechanical  failure  of  one  string. 

(2)  The  elimination  of  tension  insulators,  which,  in  our 
opinion,  do  not  increase  the  safety  of  the  crossing  span  as  regards 
the  falling  of  conductor,  and  are,  moreover  an  extra  hazard  to 
the  operation  of  the  line. 

(3)  The  desire  to  obtain  satisfactory  results  without  going 
into  elaborate  constructions,  which  in  themselves  are  frequently 
more  of  a  hazard  than  otherwise. 

It  is  the  experience  of  our  companies  that  a  large  proportion 
of  troubles  originates  from  insulator  failures  rather  than  from 
mechanical  failure  of  the  conductors,  and  in  this  double  suspen- 
sion construction  we  have  worked  on  the  principle  of  increasing 
the  margin  of  safety  in  the  insulators  supporting  the  conductor. 

With  the  rapid  advance  into  higher  transmission  voltage 
the  present  crossing  specifications  providing  the  same  construc- 
tion for  all  voltages  of  5000  or  over  have  become  inadequate 
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to  meet  all  the  conditions  involved,  and  in  order  to  cover  logically 
the  wide  range  embraced  there  seems  to  be  a  distinct  demand  for 
subdividing  into  at  least  two  classes,  perhaps  at  about  15,000 
volts.  This  would  require  a  separate  complete  specification  em- 
bodying simpler,  but  effective,  types  of  construction  for  the  lower 
or  distributing  voltages,  and  another  specification  suitable  for 
the  higher  or  transmission  voltages. 

Concerning  transmission  line  hardware,  for  all  heavy  service 
I  have  found  it  desirable  to  eliminate  malleable  cast  iron  hard- 
ware, and  it  would  be  well  if  structural  or  pressed  steel  fittings, 
or  mild  steel  castings,  were  developed  for  this  service,  on  account 
of  the  increased  reliability  that  would  be  obtained  thereby. 

On  certain  recent  double-circuit  tower  line  construction  our 
company  has  equipped  both  suspension  and  tension  clamps  of 
all  insulator  strings  of  one  circuit  with  discharge  horns,  leaving 
the  other  circuit  with  discharge  horns  on  tension  clamps  only. 
It  will  be  interesting  to  compare  the  performance  of  these  two 
circuits  in  service. 

V.  Karapetoff :  I  wish  to  take  exception  to  the  statement 
No.  5,  in  Mr.  Buck's  paper,  where  he  says,  **  Draw  the  conductor 
up  tight  throughout  the  line.  A  too  conservative  allowance  of 
slack  to  guard  against  possible  mechanical  stresses  in  the  con- 
ductor will  cause  more  trouble  than  it  will  prevent."  I  am 
afraid  this  statement,  coming  from  such  anauthority  as  Mr.  Buck, 
will  cause  us  more  trouble  than  it  will  prevent.  Several  cases 
came  to  my  attention  not  long  ago  where  considerable  trouble 
was  caused  by  the  conductor  being  drawn  too  tight,  without 
reference  to  the  stresses  in  the  winter  or  during  high  winds. 
By  interviewing  the  line  superintendents,  I  found  out  that  it  is 
difficult  to  force  the  construction  gangs  and  the  foreman  to  con- 
form to  the  tables  of  sags  and  also  to  use  the  dynamometer  where 
the  sag  is  determined  by  sighting  the  line.  I  wish  very  much  that 
Mr.  Buck  would  modtfy  his  statement  so  as  to  remove  the  im- 
pression that  he  does  not  believe  at  all  in  the  correct  calculation 
of  sags  and  stresses,  but  simply  advises  us  to  draw  up  the  lines 
as  tight  as  possible. 

P.  M.  Lincoln:  Mr.  Faccioli  does  not  approve  of  switching  on 
the  high-tension  sides  of  lines.  Personally,  I  must  say  that  I  do 
not  agree  entirely  with  that  position.  Practically,  I  have 
never  seen  any  bad  effects  from  switching  on  the  high-tension 
side,  and  theoretically  I  have  always  taken  this  position,  namely, 
that  although ,  I  am  ready  to  admit  that  switching  on  the 
high-tension  side  does  give  rise  to  surges,  these  surges  which  it 
gives  rise  to  are  so  small,  compared  to  the  surges  which  come  from 
other  operations,  particularly  from  lightning,  that  if  the  appara- 
tus is  not  capable  of  withstanding  all  the  surges  which  arise  from 
high-tension  switching  it  surely  will  not  stand  the  surges  which 
arise  from  lightning. 

I  would  like  to  make  a  statement  in  regard  to  the  point  just 
raised  by  Mr.  Karapetoff.     I  am  inclined  to  believe  that  Mr. 
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Buck  is  quite  correct  in  the  way  he  puts  it.  I  do  not  believe 
that  any  great  difficulties  are  to  be  anticipated  from  drawing 
lines  too  tight.  I  think  the  tendency  is  in  the  other  direction — 
to  allow  them  to  become  too  loose.  If  a  line  is  put  up  too  tight 
and  cold  weather  comes  along,  it  may  possibly  strain  the  material 
of  the  line  above  the  elastic  limit,  but  what  is  going  to  hap- 
pen if  it  does?  It  simply  stretches  a  little,  and  when  the  warm 
weather  comes  along  the  stretch  will  result  in  a  little  more  sag 
than  before,  but  to  stretch  the  material  of  the  line  above  the  elas- 
tic limit  is  not  necessarily  going  to  hurt  the  material.  The  mater- 
ial, in  the  course  of  its  manufacture,  has  been  strained  above  its 
elastic  limit  continuously,  and  if  it  is  strained  above  the  elastic 
limit  after  it  is  in  service  it  is  not  by  any  means  fatal  to  the  line. 

Farley  Osgood:  I  think  the  manufacturers  of  our  various 
lines  of  materials  are  doing  about  all  that  can  be  expected  of 
them  in  the  way  of  investigation  for  improvement.  I  do  not 
think  that  the  operating  engineers,  as  a  whole,  are  doing  their 
share  of  investigating  work.  I  think  that  it  is  up  to  the  operat- 
ing engineers  to  plan  to  spend  stifficient  money  for^  proper  test- 
ing schemes  and  devices,  in  order  to  help  the  manufacturers 
and  designing  engineers  in  the  field,  so  that  they  can  test  in 
actual  practise. 

A  point  which  has  brought  this  matter  vividly  to  my  mind 
within  the  year  has  been  our  own  considerable  expenditure 
toward  the  investigation  of  the  effect  of  high  frequencies  on 
the  insulators  and  lines,  and  we  found  that  insulators  which  had 
behaved  reasonably  well,  as  we  thought,  broke  down  very 
quickly  under  our  high-frequency  test. 

Mr.  Faccioli  brought  out  clearly  that  the  difficulties  from 
voltage  can  be  reasonably  well  cared  for,  and  the  difficulties 
from  short  circuits  can  be  reasonably  well  cared  for,  particularly 
by  means  of  reactance,  but  I  do  not  agree  with  him  at  all  that 
we  should  keep  away  from  frequent  switching.  It  cannot  be 
done,  in  a  complicated,  busy  territory.  In  our  large  power 
stations,  with  a  heavy  service,  we  will  switch,  for  one  cause  and 
another,  twenty  to  sixty  times  a  day.  It  cannot  be  stopped. 
It  has  to  be  done.  The  engineers  have  to  meet  these  conditions. 
I  entirely  agree  with  Mr.  Lincoln  that  if  the  apparatus  will  not 
meet  the  service  requirements  it  must  be  made  to. 

In  my  opinion,  the  difficulties  from  high  frequencies  are  not 
well  enough  imderstood.  The  reason  they  have  not  been  given 
careful  study  previously  is  because  we  have  been  so  busy  elim- 
inating the  difficulties  from  short  circuits,  high  pressures,  etc. 
Having  cared  for  these,  we  can  now  take  up  the  study  of  the 
effects  of  high  frequencies.  If  we  had  done  this  before,  many 
of  our  present  difficulties  would  not  have  been  known  to  us. 

J.  A.  Sandford,  Jr.:  Mr.  Brundige  has  suggested  that  en- 
gineers put  into  every  insulator  specification  a  description  of 
the  materials  to  be  used.  I  do  not  believe  that  is  a  possibility. 
I  had  occasion  to  look  up  not  long  ago  the  chemical  analysis 
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as  laid  down  for  what  we  call  ball  clay,  or  kaolin,  from  Kentucky, 
North  Carolina,  Georgia,  one  or  two  places  in  England,  and 
one  in  France.  You  could  lay  these  in  a  row  here  on  this  table 
and  label  them,  and  then  take  the  labels  off,  and  change  them 
around,  and  you  would  never  know  which  applied  to  which, 
they  are  so  nearly  the  same.  The  great  difference  between 
the  various  clays  used  seems  to  be  in  their  plasticity,  but  no 
one  can  tell  what  plasticity  is  or  what  causes  it.  Therefore,  I 
think  Mr.  Brundige's  suggestion  would  prove  impracticable, 
partictdarly  at  the  present  time,  with  our  limited  knowledge 
of  such  things. 

Second,  on  the  question  of  fatigue  of  porcelain.  I  think 
that  if  a  piece  of  porcelain  is  absolutely  vitrified  there  is  abso- 
lutely no  fatigue.  To  my  mind,  what  has  been  called  fatigue 
of  porcelain  is  simply  the  gradual  giving  way  of  porcelain  that, 
in  the  first  place,  was  not  perfect,  either  through  flaws,  or  from 
the  vitrification  standpoint. 

To  refer  to  a  different  matter,  I  think  that  a  large  percentage 
of  the  insulator  failures  on  transmission  lines  would  have  be^ 
eliminated  if,  every  time  the  patrolman  went  out  to  change 
an  insulator^-this  has  reference  particularly  to  suspension  type 
insulator  lines — he  had  taken  down  the  complete  string  of 
insulators  and  substituted  a  complete  string  of  new  instdators 
which  he  was  sure  were  good.  If  you  go  out  and  look  at  a 
string  of  insulators  on  which  you  know  there  is  trouble,  there 
may  be  two  or  three  disks  that  you  can  see  are  no  good,  and 
there  may  be  two  or  three  that  look  as  if  they  are  all  right, 
and  they  may  or  may  not  be  so. 

There  is  one  point  Mr.  Sothman  brought  up  today,  which 
was  referred  to  here  last  winter,  which  I  would  mention  again 
now,  and  that  is  the  desirability  of  having  at  some  place  or 
other  a  laboratory  where  just  and  accurate  comparative  work 
on  insulators  and  other  similar  devices  can  be^  done.  The 
insulator  manufacturers  have  done,  as  some  one  has  said,  about 
all  they  can  do.  It  seems  to  me  if  the  plan  of  having  such  a 
central  testing  laboratory  could  be  carried  out,  either  with  or 
without  the  sanction  of  the  Institute,  it  would  be  a  great  thing. 

E.  R.  Albrecht:  I  notice  in  Mr.  Sothman's  paper,  "Problems 
of  High-Tension  Transmission  Lines,*'  the  following  statement, 
relative  to  the  crossing  of  high-tension  lines — "There  is  at 
present  no  generally  recognized  type  of  crossing  protection." 

Did  not  the  High-Tension  Committee  of  1911,  together 
with  the  committee  appointed  by  the  National  Electric  Light 
Association,  the  American  Electric  Railway  Association,  and 
the  Association  of  Railway  Telegraph  Superintendents,  prepare 
Specifications  for  Overhead  Crossings  of  Electric  Light  and 
Power  Lines,  which  were  accepted  by  the  various  associations? 

Have  these  specifications  still  the  approval  of  the  Institute? 
Do  they  not  cover  the  recognized  type  of  crossing  protection? 
If  they  do,  why  did  not  Mr.  Sothman  mention  them?  If  not, 
what  parts  should  be  superseded,  and  by  what? 
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The  installation  of  proper  crossing  protection  constitutes 
a  part  of  my  duties,  and  I  am  very  much  interested  to  know 
just  how  the  Institute  as  a  whole  regards  the  specifications 
mentioned,  and  also,  if  the  present  High-Tension  Committee 
recommend  their  use,  and  if  not,  whether  they  have  any  plans 
for  revising  them. 

William  L.  Puffer:  I  am  very  much  interested  in  what  has 
been  said  concerning  the  life,  deterioration  of  and  failure  of 
the  several  types  of  insulators  in  common  use,  because  of  an 
investigation  of  mine  into  the  cause  of  tmdue  leakage  over 
the  busbar  cell-work  and  insulations  of  a  moderately  high  tension 
station. 

In  this  station  it  was  known  that  there  was  some  kind  of 
ground  or  similar  trouble,  because  at  times  tiny  sparks  had 
been  noted  at  the  heads  of  bolts  and  washers  used  in  assembling 
the  insulating  slabs,  and  several  disagreeable  shocks  had  been 
received  by  attendants.  As  soon  as  possible  a  section  was  cut 
out  of  service  and  the  parts  dismantled,  and  to  my  surprise 
there  was  found  a  large  collection  of  wet  green  paste  on  the 
copper  bolts  and  studs.  Chemical  examination  proved  the 
presence  of  nitric  acid,  water,  nitrate  of  copper  and  several 
sub-nitrates.  The  surface  of  the  porcelains  and  all  pores  and 
cracks  were  wet  with  nitric  acid  of  sufficient  strength  to  destroy 
organic  washers  that  had  been  used  to  distribute  the  pressure 
between  the  porcelain  and  the  clamping  nuts  and  bolts. 

Further  examination  proved  the  presence  of  nitric  acid  in  the 
cracks  of  both  wet  and  dry  process  porcelain  bushings,  on  the 
surface  of  the  insulating  coverings  of  the  busbar  cables  and  on 
the  porcelain  bushings  used  to  support  the  cables  where  they 
passed  through  walls  and  barrier. 

I  was  able  to  prove  that  all  of  the  trouble  originated  in  the 
small  air  spaces  where  the  potential  gradient  was  high  enough 
to  produce  light  and  minute  sparks  of  the  type  called  **  static  ". 
First  there  was  produced  ozone,  then  nitric  acid  and  then  action 
on  the  copper  with  the  formation  of  nitrates.  Similar  action 
was  fotmd  about  some  iron  washers  and  bolts  used  in  the  con- 
struction of  switches  and  the  switchboard. 

These  results  were  not  a  matter  of  conjecture  but  of  actual 
chemical  proof  obtained  while  the  parts  were  alive  and  carrying 
current,  and  it  certainly  suggests  that  if  a  6600-13, 200-volt  system 
can  be  subject  to  as  great  action  as  I  found,  there  is  ample  room 
for  thought  as  to  what  must  be  the  conditions  around  the  in- 
sulating parts  of  the  "highest  tension  lines  now  in  use. 

Whenever  and  wherever  an  insulating  support  shows  a  glow 
with  I'ttle  sparks  in  it  there  is  likely  to  be  the  formation  of  ozone, 
and  if  a  little  moisture  is  present  there  will  next  be  nitric  acid. 
The  wind  may  blow  it  all  away,  or  a  porous  porcelain  may 
slowly  absorb  it,  with  gradually  lessening  resistance,  leading 
finally  to  a  puncture  and  a  short-circuit. 

Ernest  V.  Pannell:  Mr.  Sothman's  suggestion  as  to  the 
establishment  of  constants  to  cover  the  commercial  propet\Aes» 
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of  altunintun  and  copper  is  one  well  worth  acting  upon,  and  it 
would  aflford  the  manlifacturer  some  idea  of  what  he  wotdd  have 
to  work  on  and  would  give  the  engineer  figures  upon  which  to 
base  his  calctdations.  At  present  there  is  no  recognized  standard 
for  these  properties,  and  specifications  are  different  all  along. 
In  partictdar  reference  to  aluminum,  the  specification  of  elastic 
limit  should  have  some  reference  to  the  size  of  the  wire,  as  I  have 
found  on  test  that  the  elastic  limit  varies  from  10,000  up  to  20,000 
with  decrease  in  the  gage.  The  new  German  rules,  it  is  interest- 
ing to  note,  do  not  specify  elastic  limit  for  conductor  material, 
but  only  elasticity,  and  give  a  maximum  figure  of  10,000  lb. 
per  square  inch  for  the  stress  in  aluminum.  This  latter  practise 
is  to  be  deprecated,  as  it  does  not  offer  the  same  encouragement 
to  the  manufacturer  to  produce  material  of  extra  high  griade  as 
when  the  working  tension  is  specified  at  so  much  per  cent  on  the 
elastic  limit. 

Of  methods  and  charts  for  determining  tension  and  sag  we 
have  had  rather  a  plethora,  and  if  the  Institute  were  to  stand- 
ardize one  set  of  curves  for  both  copper  and  aluminum,  the  result 
would  be  worth  the  trouble  expended.  The  Verein  Deuischer 
Elektrotechniker  went  into  this  subject  very  thoroughly  last 
year  and  their  recently  published  hand-book  of  standards  for 
overhead  lines  is  a  model  of  conciseness. 

Regarding  steel  reinforcement  for  altuninum  cables,  the  British 
manufacturers  do  not  view  this  practise  with  disfavor  so  much  as 
being  an  unnecessary  innovation.  We  can  point  to  spans  in 
Europe  of  700  ft.  (213  m.)  and  up  to  2000  ft.  (610  m.)  being  run 
by  aluminum  without  steel  centers,  so  there  does  not  appear  to  be 
any  crying  need  for  reinforcement  where  the  highest  possible 
grade  of  aluminum  is  used.  A  composite  cable  made  up  of  two 
materials,  one  of  which  has  three  times  the  specific  extension  of 
the  other,  seems  to  add  just  a  little  unnecessary  complexity. 

Julian  C.  Smith:  I  think  operating  men  who  have  had  ex- 
perience in  operating  transmission  lines  of  50,000  volts  and  up- 
wards, with  pin  type  insulators,  realize  there  has  been  a  decided 
deterioration  in  the  pin  type  insulators.  The  fact  that  it  is 
easier  to  find  the  deterioration  in  the  suspension  type  instdator, 
easier  to  replace  the  defective  parts,  woidd  by  no  means  indicate 
that  the  suspension  type,  per  se,  is  any  worse  than  the  pin  type. 
This  is  the  more  evident  when  you  consider  that  practically  all 
suspension  type  insulators  are  operating  with  one  end  grounded, 
whereas  a  relatively  small  number  of  pin  type  insulators  sub- 
jected to  the  same  voltage,  are  operating  under  these  conditions. 

There  is  one  point  in  Mr.  Buck's  paper  to  which  I  take  ex- 
ception, and  that  is  the  niunber  of  units  which  would  be  put  on 
very  important  transmission  lines.  It  seems  to  me  that  the  num- 
ber of  units  should  be  fixed  by  the  climatic  conditions  or  local  con- 
ditions rather  than  the  operating  voltage. 

E.  A.  Lof :  Mr.  Sothman  suggested  that  the  clearance  be- 
tween the  transmission  wires  and  the  ground  should  be  in  a  cer- 
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tain  relation  to  the  transmission  voltage.  So  far  as  I  can  see, 
this  has  nothing  to  do  with  the  voltage,  whether  it  is  50,000  or 
150,000  volts.  We  must  string  the  wires  high  enough  to  protect 
human  life  and  to  allow  certain  vehicles  to  pass  underneath. 

I  would  like  to  get  Mr.  Sothman's  views  on  the  necessity  of 
grounding  steel  towers  when  provided  with  concrete  foundations, 
and  his  views  on  the  mounting  of  grounded  wires  on  wooden 
poles.  If  the  ground  wire  is  not  grounded  at  every  pole,  should 
it  be  supported  on  an  insulator  there,  and  if  so,  for  what  voltage 
should  it  be  insulated? 

C.  O.  Mailloux:  One  of  our  distinguished  members.  Caw. 
Ing.  Guido  Semenza,  of  Milan,  Local  Honorary  Secretary  of 
the  A.  I.  E.  E.  for  Italy,  has  recently  published  a  comprehensive 
set  of  charts  containing  in  graphical  form  all  the  information 
needed  for  nmning  overhead  lines;  t.e.,  giving  the  sags  and  stresses 
that  occur  in  overhead  conductors  of  different  sizes,  in  spans  of 
different  lengths,  at  all  temperatures,  and  under  all  conditions  of 
extra  loading  due  to  ice  and  wind.  By  means  of  these  charts 
all  determinations  of  sags  and  stresses  for  any  set  of  conditions 
can  be  made  in  most  simple  manner  by  the  man  in  charge  of  the 
work  of  constructing  the  line.  It  is  probable  that  an  English 
edition  of  this  work  will  be  brought  out  before  long. 

E.  M.  Hewlett:  Mr.  Buck  has  explained  that  if  an  insulator 
is  designed  with  a  petticoat  so  short  that  the  flash-over  point  is 
much  lower  than  the  puncture  point,  normally,  under  both  dry 
and  wet  conditions,  the  insulator  will  be  less  severely  strained 
and  will  not  be  subject  to  as  rapid  deterioration  as  has  been 
shown  by  some  of  the  insulators  used  now.  A  number  of  the 
recent  insulators  have  too  great  a  diameter  of  petticoat,  so 
the  flash-over  is  too  close  to  the  puncture  voltage. 

Then,  again,  if  you  insulate  your  line  for  lightning  con- 
ditions, as  suggested  by  one  of  the  last  speakers,  it  wUl  also 
be  necessary  to  protect  or  insulate  the  transformers,  lightning 
arresters,  switches  and  everything  else  for  the  same  conditions. 
This  is  a  most  important  consideration. 

Also,  in  the  matter  of  mechanical  strength,  the  distortion  in 
design  of  the  insulator  to  give  great  strength  often  works  against 
the  electrical  characteristics.  You  thus  handicap  yotirself 
when  you  ask  for  strength  greater  than  is  required. 

In  reference  to  the  fatigue  of  porcelain,  I  have  not  seen  the  proof 
that  well- vitrified  porcelain  undergoes  fatigue,  unless  overstrained. 
From  anything  we  have  seen  so  far,  I  believe  that  what  is  known 
as  fatiguing  is  largely  the  result  of  flaw  of  some  description  or  of 
incomplete  vitrification.  That  is,  when  not  properly  vitrified, 
the  insulators  will  eventually  absorb  moisture.  The  glaze  will 
protect  the  insulator  for  a  time,  but  gradually  deteriorates  and 
then  absorption  through  the  porcelain  begins  and  the  unbaked 
porcelain  gradually  absorbs  moisture  and  breaks  down. 

H.  W.  Buck:  I  am  glad  that  Dr.  Karapetoff  has  raised  the 
question  covered  by  Paragraph  5  in  the  conclusions  at  the  end 
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of  my  paper,  for  it  offers  an  opportuntity  to  acoenttiate  the 
point  which  I  desired  to  cover  in  this  paragraph.  Most  trans- 
mission lines  are  too  slack,  and  dttring  the  past  year  reports 
have  come  in  from  all  parts  of  the  country  giving  instances  of 
short  circuits  resulting  from  conductors  swinging  together 
under  wind  stress,  even  where  liberal  clearances  were  allowed 
between  conductors. 

It  has  become  customary  to  assume  a  heavy  loading  of  sleet 
and  the  simultaneous  action  of  wind  velocities  up  to  100  miles 
(161  km.)  per  hour,  allowing  slack  for  these  conditions,  and  then 
in  addition  to  throw  in  a  little  for  good  luck.  On  top  of  all 
this  slack,  after  the  line  has  been  in  service  for  a  few  months 
the  natural  stretch  which  takes  place  in  all  conductor  materials 
before  a  condition  of  permanent  set  has  been  established,  still 
further  increases  the  sag  of  the  spans.  The  result  of  this  is 
that  many  transmission  lines  are  a  series  of  festoons  between 
tower  supports,  with  all  the  lack  of  inherent  stability  which  such 
a  condition  gives  rise  to. 

I  cannot  see  any  reason  for  modifying  this  statement  in  regard 
to  drawing  the  wires  up  tight,  tmless  by  supplementing  it  with 
a  statement  that  the  towers  must  be  made  strong  enough  to 
withstand  the  strain.  The  first  line  of  the  paragraph  in  question 
should  of  course  be  read  in  connection  with  the  following  three 
lines,  which  qualify  it,  I  believe,  sufficiently. 

K.  C.  Randall:  Mr.  Rushmore  has  pointed  out  that  instda- 
tors  have  not  been  developed  along  the  lines  of  exact  science 
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like  other  pieces  of  electrical  apparatus.  This  comment  seems 
to  be  well  founded  so  far  as  the  average  commercial  insulator 
is  concerned. 

During  the  past  five  years  considerable  investigation  on  the 
proper  design  of  insulation  has  been  carried  on,  in  the  course 
of  which  the  influence  of  shape  as  well  as  dimensions  has  been 
better  understood.    As  a  striking  illustration  of  this,  the  In- 
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stitute  is  considering  the  standardization  of  a  spherical  or  ball 
gap,  because  of  its  dependability,  as  a  successor  to  the  previous 
needle  gap,  so  notoriously  variable. 

In  March,  1913,  Mr.  C.  Fortescue  presented  a  paper  before 
the  Institute  bringing  out  a  considerable  amount  of  the  data 
obtained  in  the  investigations  I  refer  to,  and,  based  on  such 
data,  two  designs  of  insulators  have  been  proposed  which  are 
based  on  truly  scientific  lines,  and  what  is  more  striking,  they 
are  made  up  largely  of  metal.  Fig.  1  illustrates  a  type  quite 
like  the  ordinary  suspension  insulator,  the  petticoats  of  which, 
however,  are  metal  and  will  certainly  not  crack  off,  as  is  com- 
monly experienced  with  the  porcelain  type.  As  a  form  of  pin 
insulator,  Fig.  2  illustrates  a  design  also  based  on  scientific 
principles,  whose  dimensions  for  any  service  can  be  definitely 
and  closely  calculated,  and  whose  breakdown  tests  can  be  pre- 
determined. 

It  is  suggested  that  further  development  along  these  lines 
will  probably  be  very  fruitful  of  progress,  which  today's  dis- 
cussion has  pointed  out  as  much  needed. 
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THE  ECONOMICAL  CAPACITY  OF  A  COMBINED  HYDRO- 
ELECTRIC AND  STEAM  POWER  PLANT 


BY  GARY  T.  HUTCHINSON 


Abstract  of  Paper 

This  paper  develops  a  general  method  for  determining  the 
economical  capacity  of  a  combined  steam  and  hydroelectric  de- 
velopment. 

The  method  involves  the  use  of  two  curves — one,  the  *'  Per- 
cent-Deficiency/* giving  the  stream  regimen,  the  other,  the 
*  Percent-Load,"  giving  the  characteristics  of  the  load.  The 
first  curve  gives  the  percent-deficiency  of  the  water  for  any 
stream-flow,  and  hence  fixes  directly  the  deficiency  in  energy 
which  must  be  made  up  by  the  steam  plant.  The  second 
curve  shows  directly  the  proportion  of  the  total  energy  of  the 
load  that  is  included  above  any  proportional  part  of  the  maximum 
power,  and  fixes  the  capacity  of  the  steam  plant  required  to 
supply  that  part  of  the  load  which  cannot  be  supplied  by  the 
stream.  The  use  of  these  two  curves  differs  for  plants  with  pond- 
age or  without  pondage. 

The  capacity  and  output  of  the  steam  plant  being  thus  de- 
termined, its  total  annual  cost  is  determinable  and  with  the 
annual  cost  of  the  hydroelectric  plant,  fixes  the  total  annual  cost 
of  the  combined  plant.  This  is  done  for  the  range  of  stream-flow 
by  means  of  numerical  examples. 

Introductory 

IT  IS  the  object  of  this  paper  to  outline  a  method  of  determin- 
ing the  point  of  economical  capacity  of  a  hydroelectric  plant 
on  a  variable  stream,  when  developed  in  connection  with  an 
auxiliary  steam  plant  to  supplement  the  deficiencies  of  the  water 
supply.  This  question  arises  whenever  a  hydroelectric  develop- 
ment is  undertaken,  and  many  ways  of  answering  it  are  current; 
but  they  are  practically  all  engineer's  guesses,  or  are  *'  cut-and- 
try  "  methods.  As  far  as  I  know  no  direct  method  of  handling 
the  problem  has  been  pointed  out.* 

The  question  presents  itself  in  two  forms:  First,  in  the  case  of 
a  proposed  new  development  on  a  variable  stream,  for  what 

•Since  the  presentation  of  this  paper,  my  attention  has  been  called  to 
the  fact  that  Dr.  Adolf  Ludin  had  previously  treated  this  general  subject 
in  a  similar  manner  in  his  book  entitled,  "  Der  Ausbau  der  Niederdruck- 
Wasserkrafte  nach  wirtschaftlichen  Grundsatzen."  Dr.  Ludin's  work 
forestalls  mine  by  several  years  and  he  is  entitled  to  priority  in  the  general 
manner  of  handling  the  subject,  but  he  has  not  developed  the  "  percent- 
load  curve  "  with  the  theorems  attached  to  it,  as  I  do  on  pages  168 — et 
seq.  This  is  the  only  novel  element  in  my  paper;  the  remainder  is  simply 
a  new  use  of  old  material,  such  as  the  well  known  "  duration  "  and 
"deficiency  "  curves.— C.  H.  T. 
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stream-flow  shall  the  development  be  made?  Second,  assuming 
a  plant  already  in  operation,  to  what  extent  shall  an  auxiliary 
supply  be  provided  in  order  to  convert  the  "  variable  "  supply 
into  a  "  continuous  "  supply?  Both  cases  involve  a  determina- 
tion of  the  total  annual  cost  of  an  auxiliary  supply  adequate  to 
supplement  the  deficiency  in  stream-flow.  In  one  case,  the  sell- 
ing price  of  the  combined  hydraulic  and  aujpliary  supply  is 
to  be  determined  and  the  development  fixed  for  such  stream 
flow  that  at  this  price  the  supply  can  be  sold,  in  the  given 
market.  In  the  second  case,  the  question  is  the  determina- 
tion of  the  cost  of  the  auxiliary  supply  for  various  degrees  of  in- 
surance and  the  comparison  of  this  cost  with  the  additional 
earnings  that  can  be  obtained  from  the  sale  of  a  "  continuous  " 
supply  as  compared  with  a  "  variable  "  supply.  The  two  cases 
really  merge  into  one,  since  both  involve  the  determination  of  the 
total  annual  cost  of  the  auxiliary  supply,  under  the  prevailing 
conditions  of  the  power  load  and  for  the  hydraulic  characteristics 
of  the  particular  stream. 

In  the  case  of  a  new  project,  the  cost  to  build  the  hydraulic  de- 
velopment per  kilowatt  is  less  as  its  capacity  is  increased,  since  a 
large  proportion  of  the  total  cost  is  practically  independent  of 
the  capacity  of  the  equipment.  In  this  case,  an  increase  in  the 
annual  cost  per  kilowatt  of  the  auxiliary  steam  plant  is  accom- 
panied by  a  decrease  in  the  annual  cost  of  the  hydraulic  plant, 
and  a  point  may  be  reached  at  which  the  sum  of  the  two  is  a 
minimum.  This  would  fix  the  most  economical  capacity  of  the 
development  and  hence  the  point  of  greatest  profit  for  a  given 
market  price  of  energy.  But  it  does  not  follow  that  it  may  not 
be  desirable  to  develop  the  plant  for  a  greater  output,  even  if 
the  profit  per  kilowatt  is  less.  The  limit  to  the  development 
will,  in  all  cases,  be  that  at  which  all  profit  disappears. 

The  crux  of  the  matter  then  is  the  determination  of  the  cost 
of  the  auxiliary  supply  (hereafter  referred  to  as  the  **  steam  " 
supply,  although  the  argument  is  the  same  for  any  other  kind 
of  auxiliary  plant)  for  the  hydraulic  characteristics  of  the  stream 
in  question,  and  as  applied  to  the  particular  conditions  of  power 
load  prevailing  in  the  market  in  question.  As  a  solution  of 
this  problem,  I  have  devised  a  new  form  in  which  to  present 
the  hydraulic  characteristics  of  the  stream,  which  I  call  the 
"  percent-deficiency  "  curve,  and  a  new  form  in  which  to  present 
the  characteristics  of  the  load,  which  I  call  the  "  percent-load  " 
curve.  The  use  of  these  two  curves,  the  one  summarizing  the 
stream-flow  data,  the  other  the  conditions  of  the  load,  makes 
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the  determination  of  the  total  cost  of  the  steam  supply  for 
any  conditions  of  load,  for  any  particular  stream,  a  simple 
matter. 

It  may  be  worth  while  to  call  attention  to  the  many  assump- 
tions that  are  made  by  engineers  and  others  in  the  determination 
of  the  stream-flow  for  which  a  development  shall  be  made. 
Some  of  the  criteria  that  have  been  used  are  given  in  Table  I, 
which  shows  various  data  of  the  Susquehanna  River  at  McCall 
Perry,   for   the   period   of   twenty   years   from   1891  to  1910. 

TABLE   I. 
Susquehanna  Rivbr  at  McCall  Perry  for  20  years,   1891-1910. 

Drainage  Area  26,000  sq.  miles. 

Basis  of  Plow  Sec.-ft.    Relative 

Plow 

1.  Lowest  day  in  the  period 2,200       1 .  00 

2.  Average  for  lowest  week  in  the  period 2,800       1 .  28 

3.  Average  of  the  two  lowest  7-day  periods  in 

each  year,  for  7  years  (1904-1910) 6,300      2 .  87 

4.  Average  flow  for  the  lowest  week  of  the  lowest 

month  of  the  six  highest  months  for  each 

year  of  the  period  (1904-1910) 20,000  9. 10 

5.  Average  of  annual  one-day  minima 5,200  2. 37 

6.  Nine-months  flow  for  lowest  year 5,400  2. 45 

7.  Six-months  flow  for  lowest  year 12,000  5. 48 

8.  Nine-months  flow  for  average  year 12,000  5.48 

9.  Six- months  flow  for  average  year 25,000  11 .  40 

The  differences  in  the  choice  of  the  basic  stream-flow  are  great, 
bringing  out  clearly  the  fact  that  they  are  little  more  than  guess- 
work; all  are  obviously  deficient,  inasmuch  as  they  leave  out 
of  consideration  the  market  for  power.  It  needs  no  argument 
to  prove  that  where  power  can  be  sold  at  a  high  price  and  con- 
ditions are  favorable,  the  development  can  be  carried  to  a  higher 
point  of  stream-flow  than  where  the  opposite  conditions  pre- 
vail. Referring  to  the  Table:  No.  1,  the  absolute  minimum, 
may  be  called  the  banker's  or  layman's  criterion;  it  is  this  that 
the  engineer  is  often  confronted  with,  and  has  to  explain  away. 
Nos.  3  and  4  are  assumptions  of  a  basis  of  estimating  power 
by  a  bureau  of  the  Federal  Government ;  the  others  are  engineer's 
guesses. 

Putting  guesses  aside,  the  determination  of  the  question  de- 
pends upon  two  principal  factors : 

1.  The   hydraulic   characteristics   of   the   development,   and 

2.  The   characteristics  of  the   power  market. 

The  treatment  of  the  hydraulic  problem  is  different  in  the  case 
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of  (a)  hydratilic  plants  with  pondage,  and  of  (b)  hydraiilic  plants 
without  pondage.  With  pondage,  the  hydraulic  energy  during 
the  periods  of  low  stream-flow  should  be  used  to  supply  the  peak- 
load,  as  far  down  as  possible;  on  the  other  hand,  without  pond- 
age, the  hydraulic  energy  should  be  used  to  supply  the  base- 
load,  dtuing  the  periods  of  low  stream-flow;  in  both  cases  the 
hydraulic  energy  is  thereby  utilized  most  advantageously. 
By  pondage  is  meant  only  suflScient  reservoir  capacity  to 
permit  using  the  daily  inflow  of  the  stream  at  any  rate  of  outflow 
from  the  water  wheels;  that  is,  it  assumes  regulation  of  daily 
load  only,  and  does  not  extend  to  weekly  or  seasonal  regulation. 

Regimen  op  the  Stream 

The  fundamental  data  of  stream-flow  are  usually  given  in 
the  form  of  the  hydrograph.  Fig.  1;  the  ordinate  gives  stream 
flow  and  the  abscissa  the  days  of  the  year;  the  area  of  the  curve 
up  to  any  point  gives  the  total  run-off  up  to  that  point.  From 
the  hydrograph,  Fig.  1,  is  deduced  in  the  usual  way,  the  "  Dura- 
tion *'  ciu^e.  Fig.  4,  giving  the  different  values  of  stream-flow 
from  Fig.  1  arranged  in  order  of  magnitude,  without  regard 
to  calendar  order;  the  resulting  curve  shows  the  number  of  days 
in  the  year,  regardless  of  order,  for  which  the  stream-flow  does 
not  exceed  any  particular  value. 

Fig.  1  gives  the  hydrograph  for  the  Susquehanna  for  the 
year  1896,  which  chances  to  represent  very  closely  the  average 
regimen  of  the  20  years,  1891-1910.  Fig.  2  gives  for  the  same 
year,  the  low  discharges,  such  as  would  be  useful  for  a  power- 
development;  all  flows  greater  than  1.0  sec-ft.  per  sq.  mi.  are 
omitted  from  this  figure.  Fig.  3  gives  the  low  discharges  for 
1909,  the  lowest  year;  from  these  hydrographs  the  duration 
curves  of  Fig.  4  for  the  years  1909  and  1896  are  deduced. 

The  duration  curves  of  Fig.  4  are  very  irregular  and  are  of 
little  use  in  this  particular  form.  If  the  ciu^e  for  a  certain  year 
must  be  used,  a  smooth  ciu^e  should  be  drawn  representing 
as  closely  as  may  be  the  stepped  ciu^e  of  Fig.  4.  The  inherent 
uncertainty  in  gage  readings  and  measurements  of  stream-flow 
makes  it  probable  that  a  smooth  curve  drawn  through  the  points 
will  represent  the  actual  conditions  fully  as  well  as  the  stepped 
ciu^e  itself. 

The  duration  curves  of  Fig.  4  as  well  as  all  the  hydrographs 
used  as  illustrations  are  for  the  Susquehanna  at  McCall  Ferry 
where  the  drainage  area  is  approximately  26,000  sq.  mi.  The 
stream-flow  has  in  all  cases  been  reduced  to  flow  per  sq.  mi. 
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This  is  done  for  the  sake  of  greater  generality  and  to  make  easier 
comparisons  with  other  streams.  It  should  be  understood  in 
what  follows  that  the  specific  flow  is  in  all  cases  to  be  multi- 
plied by  26,000  to  get  the  discharge  at  the  point  in  question. 

The  average  duration  curve  for  the  20-year  period  is  given 
in  Fig,  6.  The  curve  is  drawn  to  follow  the  points  quite  closely 
and  is  somewhat  irregular;  it  represents  accurately  the  average 
regimen  of  the  river  for  the  20-year  period. 

From  the  "  duration  "  curve,  by  integration,  I  deduce  the 
"  percent-deficiency  "  curve  as  shown  in  Fig.  5,  for  1896  and 
1909,  the  ordinates  of  which  represent,  in  per  cent,  the  amount 
that  must  be  added  to  the  flow  to  bring  the  minimum  flow  up 
to  any  assumed  value;  for  example,  in  Fig,  5  for  1896  for  a  flow 
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of  0.45  sec-ft.  the  deficiency  is  8  per  cent;  this  means  that  a 
quantity  of  water,  8  per  cent  of  0.45  =  0.036  sec-ft.  for  the 
entire  year,  would  have  to  be  added  to  the  stream-flow  to  bring 
the  discharge  up  to  a  minimum  of  0.45  sec-ft.  Otherwise  stated, 
a  total  quantity  of  water  equal  to  0.036  sec-ft.  for  the  year,  or 
0.036  X  8760  X  3600  cu.  ft.  added  to  the  stream  (from  a  reser- 
voir, say,)  at  the  needed  times  and  in  proper  amounts,  would 
maintain  the  minimum  flow  at  0.45  sec-ft.  This  amount  would 
level  up  the  valleys  of  the  hydrograph.  Fit?.  2,  to  a  uniform  height 
of  0.45  sec-ft. 

The  "percent-deficiency  "  curves  for  1909,  the  lowest  year 
and  for  1896,  representing  closely  the  average  year  of  the  20- 
year  period  are  given  in  Fig.  5;  the  actual  20- year  average  is 
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given  in   Fig.  6,  which   shows  also  the  average  "  duration " 
curve  for  the  period. 

I  have  found  the  "  percent-deficiency  "  curve  to  be  the  most 
convenient  form  for  the  use  of  stream-flow  data;  by  assigning 
suitable  values  to  the  efficiency,  the  deficiency  can  be  referred 
to  the  wheel  shaft,  to  the  power  house  busbar,  to  the  substation 
busbar  or  to  any  other  point  of  the  power  system.  The  energy 
to  be  supplied  by  the  auxiliary  plant  is  deduced  directly  from 
thiscurveby  using  the  suitable  efficiency;  as,  for  example,  assume 
the  efficiency  from  the  water  to  the  substation  busbar  to  be 
65  per  cent,  then  for  a  stream  flow  of  0.5  sec-ft.  per  sq.  mi. 
and  a  head  of  60  ft.  the  power  at  the  substation  busbar  will  be 
1.65  kw.  The  deficiency,  Fig.  6,  being  10  4  per  cent  will  equal 
0.17  kw.  average  for  the  year,  or  1500  kw-hr.  If  the  deficiency 
at  the  power  house  busbar  is  to  be  determined,  the  correct  efili- 
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Pig.  5 — Percbht- Deficiency    Curves  of  the  Susquehanna  Rives 

AT  McCall  Fbkrv  for  1909  and  1896. 

dency  would  be,  say,  80  per  cent,  and  the  energy  deficiency 
would  be  increased  in  the  ratio  of  the  efficiencies  and  would 
become  1850  kw-hr. 

As  Fig,  6  shows,  the  average  duration  curve  is  nearly  a  straight 
Une,  and  as  an  approximation,  a  straight  line  may  be  assumed. 
Pig.  6a  shows  the  points  determining  the  average  duration  curve, 
together  with  a  straight  line  drawn  to  suit  these  points  as  closely 
as  possible.  The  lower  values  of  stream-fiow  and  the  higher 
values  are  given  less  weight,  the  line  being  drawn  through  the 
intermediate  values,  since  the  intermediate  values  are  of  more 
consequence  for  a  power  development. 

For  the  purpose  of  determining  the  energy  deficiency  when 
there  is  no  pondage,  in  the  manner  explained  below,  this  appron- 


164  HUTCHINSON:  HYDROELECTRIC  PLANTS     [Feb.  26 

mation  is  sufficient.     In  all  cases  where  the  approximation  will 
suffice,  the  deficiency  in  stream-flow,  is  calculated  as  follows: 
Let 

Q   =  any  stream-flow. 
^0  =  minimum  stream-flow. 
D  =  days  from  duration  curve. 

J    =  a  constant, — the  number  of  days  required  to  in- 
crease the  flow  by  one  sec-ft. 
Then 

0   =  Co  +  D/d  (1) 

and  percent-deficiency  =  100  ^~  ^^  .  D/365  Q 


The  percent-deficiency  curve  fixes  the  increased  cost  per 
kilowatt-hour  of  the  total  combined  hydraulic  and  steam  supply, 
for  plants  with  pondage,  when  the  total  cost  per  kilowatt-hour 
of  the  steam  supply  is  a  constant  amount,  as  for  example,  if 
it  is  obtained  by  contract  at  so  many  mills  per  kw-hr.  Assume 
the  total  cost  per  kilowatt-hour  of  the  steam  supply  to  be  10 
mills;  then,  if  the  hydraulic  development  is  carried  to  the  point 
at  which  the  percent-deficiency  is,  say,  12  per  cent,  then  12 
per  cent  of  the  total  output  is  supplied  by  the  steam  plant,  and 
therefore,  the  cost  per  kilowatt-hour  of  the  combined  supply 
is  increased  by  12  per  cent  of  the  unit  cost  of  the  steam  supply. 

This  is  sufficiently  obvious,  inasmuch  as  the  added  annual 
expense,  on  account  of  the  steam  plant,  is  equal  to  12  per 
cent  of  the  total  output  multiplied  by  the  cost  per  kilowatt- 
hour  of  the  steam  supply.  In  other  words,  the  steam  supply 
increases  the  over-all  cost  per  kilowatt-hour  by  the  amount 
which  is  given  directly  by  the  percent-deficiency  curve,  when 
the  cost  per  kilowatt-hour  of  the  steam  supply  itself  is  a  constant 
unit  price.  This  is  not  true  when  the  cost  of  the  steam  supply 
is  an  amount  proportional  to  its  capacity  plus  an  increment  pro- 
portional to  its  output;  this,  the  general  case,  will  be  discussed 
below. 

This  ciu^e,  therefore,  determines  one  of  the  principal  factors 
that  fixes  the  economical  size  of  the  auxiliary  plant.  As  an 
illustration,  assume  that  in  the  given  market  the  **  continuous  " 
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sop;dy  can  be  sold  for  2  mills  per  kilowatt-hour  more  than  the 
variable  supply  will  bring.  Allowing  a  certain  margin,  an  addi- 
tional cost  of  the  total  supply  of  1.5  mills  per  kilowatt-hour  may 
be  justified,  thus  leaving  a  margin  of  0.5  mills  for  profit.     The 
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development  should  then  be  fixed  at  such  a  point  that  the  burden 
of  the  auxiliary  supply  when  spread  over  the  total  output  will 
amount  to  not  more  than  1.5  mills  per  kilowatt-hour.  Assume 
also  that  it  is  known,  from  the  conditions  of  operation,  that  the 
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total  atmtial  cost  of  the  auxiliary  supply  will  be  10  mills  per 
kilowatt-hour;  then  the  hydraulic  plant  should  be  developed 
to  the  point  where  the  deficiency  is  1.5/10  or  15  per  cent  of  the 
total  output.  Fig.  6  shows  at  once  that  this  deficiency,  for  this 
stream,  is  reached  at  a  stream-flow  of  0.645  sec-ft.;  the  plant 
then  should  be  designed  for  0.645  sec-ft. 

This  brings  out  clearly  the  great  importance  of  the  cost  of  the 
auxiliary  supply.  If,  instead  of  10  mills  the  cost  is  7.5  mills 
per  kw-hr.,  then,  other  conditions  being  the  same,  the  plant 
should  be  developed  for  a  stream-flow  giving  1.5/75,  or  20  per 
cent  deficiency  and  Fig.  6  shows  this  to  correspond  to  a  stream- 
flow  of  0.815  sec-ft.,  an  increase  of  26  per  cent  in  economical 
capacity,  due  solely  to  the  change  in  the  unit  cost  of  the  steam 
supply  from  10  to  7.5  mills  per  kw-hr. 


TABLE   II. 

Showing  Increased  Cost  Due  to  Auxiliary  Supply,  for  Sbveral 
Bases  of  Development:  Plants  with  Pondage. 


1.  Basis  of  development sec-ft.  per  sq.mi. 

2.  Assumed  head ft. 

3.  Efficiency  to  substation per  cent 

4.  Power  at  substation kw. 

5.  Annual  energy  output. . .  thousand  kw-hr. 

6.  Percent  deficiency  for  average  year  (Fig. 

6) per  cent 

7.  Percent-deficiency  for   lowest    year  (Fig. 

6) per  cent . 

8.  Assumed  total  cost  of  steam  supply  per 

kw-hr mills 

9.  Increased  cost  of  total  supply  per  kw-hr. 

for  average  year mills 

10.  Increased  cost  of  total  supply  per  kw-hr. 
for  lowest  year mills 


I 

0.25 

II 

III 

IV 

0.5 

0.75 

1.0 

100 

67 

1.43 

2.85 

4.27 

5.7 

12.60 

25.0 

37.50 

50.0 

2.7 

10.4 

18.2 

25.4 

10.7 

28.9 
10 

36.8 

43.0 

0.27 

1.05 

1.81 

2.54 

1.87 

2.89 

3.68 

4.30 

Table  II  gives  data  of  this  kind,  for  the  stream  in  question, 
on  four  assumptions  as  bases  of  a  development,  viz.,  0.25,  0.5 
0.75  and  1.0  sec-ft.  per  square  mile.  In  order  to  make  the  case 
concrete  a  head  of  100  ft.  is  assumed.  The  other  data  of  the 
table  follow  directly  from  these  assumptions  and  from  the  curves 
already  given.  Item  6  gives  the  percent-deficiency  in  the  aver- 
age year,  and  from  what  has  been  said  above,  it  follows  at  once 
that  the  increased  cost  per  kilowatt-hour  of  the  total  supply 
is  directly  proportional  to  these  figures,  when  the  unit  cost  of 
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tins  supply  is  constant;  for  a  10  mill  cost  the  increment  costs 
are  given  by  item  9,  for  the  average  year.  In  the  long  run,  the 
costs  for  the  average  should  be  controlling,  but  it  is  well  to  know 
what  would  be  the  operating  results  in  the  lowest  year.  Item 
7  from  Fig.  5  gives  the  percent-deficiency  for  the  lowest  year 
and  item  10,  the  increased  cost  per  kilowatt-hour  for  the  lowest 
year.  It  will  be  seen  that  on  a  basis  of  0.5  sec-ft.  per  sq.  mi. 
the  increase  for  the  average  year  is  only  1.05  mills,  but  for  the 
lowest  year  this  increased  cost  runs  up  to  2,89  mills.  In  other 
words,  in  the  lowest  year  the  operation  of  the  plant  would  be 
conducted  at  a  loss;  this  would  be  offset  by  the  good  years, 
when  the  increased  costs  would  be  practically  nothing. 
For  the  sake  of  comparison,  the  percent-deficiency  and  dura- 
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Pig.  7 — Aveeagb  Pescent  Deficisncy  and  Average  Duration 
Cdrves  for  the  Potohac  River  at  Aqueduct  Dah  for  the  15- Year 
Period   1897-1911.     Drainage  Area   11,400  Square  Miles. 


tion  curves  of  the  Potomac  at  Aqueduct  Dam  for  the  15-year 
period,  1897-1911,  are  given  in  Fig.  7.  These  curves  bring  out 
the  material  differences  in  the  hydraulic  characteristics  of  these 
two  streams,  occupying  adjacent  drainage  areas.  For  a  flow 
of  0.6  sec-ft.,  the  Susquehanna  shows  a  deficiency  of  119  days 
and  13.5  per  cent;  whereas  the  Potomac  shows  a  deficiency  of 
184  days  and  21.7  per  cent.  If  then,  plants  were  developed  at 
thesestreamsforaffowof  0.6  sec-ft.,  the  cost  of  the  steam  reserve 
f(ff  the  Potomac  would  be  materially  greater  than  that  for  the 
Susquehanna,  as  8.2  per  cent  more  of  the  total  energy  would 
have  to  be  supplied  by  steam.  If  the  total  cost  of  the  steam 
supply  were  10  mills,  then  for  the  Potomac  the  addition  to  the 
hydraulic  cost  would  be  2.17  mills  per  kw-hr.;  whereas  for  the 
Susquehanna  the  addition  would  be  only  1.35  mills. 
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Another  way  to  consider  the  relative  value  of  the  two  streams 
is  to  determine  the  development  for  which  the  percent-deficiency 
will  be  the  same.  For  the  Potomac  the  deficiency  of  13.5  per 
cent  corresponds  to  a  stream  flow  of  approximately  0.46  sec-ft. 
That  is,  based  on  equal  energy  deficiency  and  consequently, 
the  same  size  and  output  of  steam  plant,  when  operating  on  the 
same  load  curve,  the  economical  development  for  the  Sus- 
quehanna would  be  30  per  cent  greater  than  for  the  Potomac. 
The  difference  is  really  greater,  since  a  hydraulic  development 
for  greater  capacity  will  generally  mean  a  reduced  unit  cost. 
The  plans  under  consideration  for  the  Potomac  at  Great  Palls 
are  for  a  development  at  0.6  sec-ft. 

For  plants  without  pondage  it  is  necessary  to  consider  the 
shape  of  the  load  curve  in  determining  the  deficiency.  This  is 
gone  into  further  on. 

Characteristics  of  the  Load 

It  remains  to  consider  the  other  factor  in  the  determination  of 
the  economical  limit  of  the  development,  that  is,  the  character- 
istics of  the  load  supplied.  In  any  consideration  of  this  kind, 
assumptions  must  be  made  in  respect  to  the  form  of  the  load 
curve.  Usually,  so  called  representative  load  curves  are  made 
by  averaging  the  loads  for  different  months  of  the  year  and  the 
average  results  represented  somewhat  as  shown  in  Fig.  8,  which 
represents  a  combined  lighting  and  traction  load  of  a  large 
city.  This  curve  is  plotted  with  the  maximum  power  as  100 
instead  of  in  kilowatts:  that  is,  the  ordinates  are  reduced  to  a 
percentage  basis.  This  is  done  to  give  greater  generality,  just 
as  the  hydraulic  curves  were  plotted  in  sec-ft.  per  sq.  mi. 

From  the  usual  load-curve  shown,  there  is  derived  a  curve 
that  I  call  the  **  percent-load  *'  curve,  for  want  of  a  better 
name.  This  is  shown  at  Y  R  P  L  Xy  Fig.  8.  The  ordinates  of 
this  curve  give  the  relative  power,  with  maximum  power  at  100, 
and  the  abscissas  give  the  **  peak-energy  "  expressed  in  terms 
of  the  total  energy  as  100.  Referring  to  Fig.  8,  the  abscissa 
O  K  oi  the  point  P  gives  the  percentage  of  the  total  energy 
that  is  included  above  the  power  line  N  Q  P  U.  The  co-ordi- 
nates are  then  **  peak-energy  "  and  "  base-power."  "  Base- 
energy  "  and  **  base-power  '*  might  have  been  used,  but  the 
choice  made  simplifies  the  use  of  the  curve.  **  Base-energy  " 
is  given  by  the  abscissa  measured  to  the  left  from  X,  that  is, 
"  base-power  **  is  K  P  and  **  base-energy  ^*  K  X:**  peak-power," 
N  F,  and  **  peak-energy,"  N  P. 
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This  curve  is  made  up  of  two  parts,  a  str^ght  line  itomX 
np  to  the  point  L  of  minimuni  power,  M  S  L,  and  a  curve  tan- 
gent to  this  straight  line  ^  L  at  the  point  L.  This  part  X  L 
is  straight,  because  energy  and  power  are  directly  proportional 
up  to  the  point  of  minimum  power. 

This  "  percent-load "  curve  possesses  several  interesting 
properties: 

1.  A  tangent  at  the  point  L,  that  is,  the  line  X  L  continued. 
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intercepts  the  K-axis  at  the  point  F,  and  0  F  is  the  load-factor 
of  the  total  load. 

2.  A  line  drawn  from  Y  through  any  point  P  will  intersect 
the  .^-axis  at  point  T,  and  the  load-factor  of  the  peak-load 
above  P  is  equal  to  the  load-factor  of  the  total  load  0  F  mul- 
tiplied hy  OT  or  OF.  OT. 

3.  A  line  drawn  from  X  through  the  point  P  intersects  the 
K-azis  at  the  point  G,  and  the  load-factor  of  the  base-load  i» 
OP/OG. 
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These  theorems  can  be  proved  in  a  simple  manner.  Consider 
any  two  points  P  and  R  on  the  **  percent-load  "  curve;  the  en- 
ergy between  them  is  proportional  to  the  difference  between 
the  abscissas  of  the  two  points,  that  is  to  P  Q:  the  power  is  pro- 
portional to  the  differences  between  the  ordinates,  that  is  to 
R  Q:  the  load-factor  of  the  load  between  these  two  points  is 
then  proportional  to  P  Q/R  Q,  that  is  to  the  tangent  of  the 
angle  Q  RP.  The  load-factor  is  then  equal  to  the  tangent  of 
this  angle  mtdtipUed  by  a  factor  of  proportionality. 

Consider  now  the  points  Y  and  X,  that  is,  the  total  load: 
the  load-factor  is  here  proportional  to  the  tangent  of  the  angle 
0  Y X  mtdtiplied  by  the  same  factor;  but  the  tangent  O  Y X 
is  unity,  hence  the  load-factor,  **/  "  of  the  total  load  is  the  factor 
of  proportionality;  the  load-factor  of  the  load  between  P  and  R 
is  then  equal  to / tan  Q RP,  This  is  the  general  theorem  and 
the  others  are  special  cases;  they  are  deduced  as  follows: 

Consider  the  peak-load  above  P;  the  load-factor  is  equal 
to/  tan  iV  F  P  =  /  tan  0  Y  T;  that  is  =  f  O  T. 

Again,  consider  the  load  below  P;  the  load-factor  is  equial  to 
/  tan  If  P  X  =  /  tan  0  G  X  =  f/OG. 

Consider,  further,  the  point  "  L;"  the  load-factor  of  the  base- 
load  is  f/OF;  but  L  being  the  point  of  minimum  load,  this  load 
factor  is  unity.  Hence  O  F  =  f.  That  is,  the  load-factor  of 
the  total  load  is  represented  by  the  intercept  on  the  F-axis  made 
by  the  tangent  to  the  curve  at  L. 

Otherwise  stated,  (see  Fig.  9), 

1.  Load-factor  of  total  load  =  0  F 

2.  «       «        « peak-load  =  OF.OT 

3.  «       «        "  base-load   -=  OF/OG 

4.  «       «        "load    be- 

tween P  and  R  =  0  FtSinQRP 

This  curve  enables  one  to  determine  at  once  the  capadty  of 
the  steam  plant  required  to  meet  any  assumed  conditions  of 
the  hydraulic  development,  for  plants  with  pondage.  In  fact, 
the  curve  itself  gives  the  capacity  of  the  steam  plant  for  any 
ratio  of  minimtun  to  rated  stream-flow.  This  can  be  seen 
by  reference  to  Fig.  9,  on  which  is  reproduced  the  percent 
load  ctirve  of  Fig.  8,  for  the  sake  of  clearness.  The  abscissa 
of  any  point  of  the  curve  is  the  ratio  of  peak-energy  to  total 
energy.  It  therefore  represents,  for  plants  with  pondage,  the 
ratio  of  minimum  stream-flow  to  rated  stream-flow,  since  the  ratio 
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of  stream-flow  is  the  ratio  of  hydraulic  energy  available  for  use 
to  total  energy  required  by  the  load,  and  the  hydraulic  energy 
is  used  for  the  peak-load.  The  ordinate  of  the  point  represents 
base-power,  which  is  the  portion  of  the  load  not  supplied  by  the 
hydraulic  plant  and  which  must  be  supplied  by  the  steam  plant. 
In  other  words,  this  curve  represents,  for  plants  with  pond^e, 
the  relation  between  the  ratio  of  minimum  flow  to  rated  flow 
and  the  capacity  of  steam  plant  required,  in  per  cent  of  maxi- 
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Pic.  9 — ^Pebcent-Load  Curve  of  a  Large  City  Showing  thb  Combined 

PowBB,  Lighting  and  Tb action  Loads. 

Ordinate^;     Base-Power 

Abscissas:     Peak-Energy 


mum  power.  For  instance  for  a  minimum  flow  of  20  per  cent 
of  the  rated  flow,  the  capacity  of  the  steam  plant  required  is 
58  per  cent  of  the  maximum  power;  for  a  ratio  of  minimum  flow 
to  rated  flow  of  50  per  cent,  the  capacity  of  the  steam  plant  re- 
quired is  33  per  cent.  This  load-curve  then  gives  at  once  the 
capacity  of  the  steam  plant  required  for  the  entire  range  of 
operating  conditions. 

For  plants  without  pondage,  the  greatest  proportion  of  the 
possible  energy  of  the  stream-flow,  under  low  water  condiUotts, 
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can  be  made  available  by  supplying  the  base-load  from  the  stream 
up  to  its  power  capacity.  If  the  flow  is  20  per  cent  of  the  rated 
flow,  then  the  steam  plant  will  have  a  capacity  of  80  per  cent  of 
the  maximum.  It  should  be  noted  also  that  the  rated-stream 
flow,  for  plants  without  pondage,  is  equal  to  the  rated  flow  for 
plants  with  pondage  multiplied  by  1//,  assuming  the  same  load 
ctirve,  i.  e.^  the  maximum  in  one  case,  the  average  in  the  other. 

The  determination  of  the  energy  deficiency  for  plants  without 
pondage  is  less  simple  than  in  the  case  of  pondage.  This  is 
due  to  the  fact  that  without  pondage  a  portion  of  the  hydraulic 
energy  is  wasted.  Referring  to  Fig.  8,  when  the  stream-flow 
corresponds  to  O  N,  then  all  the  energy  represented  by  the  hollow 
of  the  load  curve  below  the  line  N  Q  P  is  wasted.  It  is  clear 
that  it  is  more  economical  to  supply  the  peak-load  from  the 
steam  plant  and  the  base-load  from  the  stream.  If  when  the 
stream-flow  is,  say  O  iV  or  41  per  cent,  the  peak-load  is  supplied 
by  the  stream,  only  about  19  per  cent  of  the  total  energy  comes 
from  the  stream.  If  on  the  other  hand,  the  stream  supplies 
the  base-load  up  to  the  41  per  cent  point  then,  as  Fig.  9  shows 
60  per  cent  energy  is  utilized.  As  the  size  of  the  steam  plant 
will  be  the  same  in  both  cases,  that  is,  59  per  cent  of  the  peak, 
it  is  clear  that  the  hydraulic  energy  should  be  used  for  base- 
load. 

To  calculate  the  energy-deficiency  in  this  case,  assimie,  for 
example,  that  the  maximimi  power  corresponds  to  Qm  =  0.5 
sec-ft. ;  then  when  the  stream-flow  is  equal  to  Qm,  the  steam  plant 
will  be  called  on  for  no  energy;  when  the  stream-flow  is  O.SQm 
the  steam  plant  will  supply  the  peak  above  80  per  cent  or  4.0 
per  cent  of  the  energy  (Fig.  9).  The  average  duration  curve, 
(Fig.  6)  shows  that  for  96  days  of  the  year  the  flow  is  less  than 
0.5  sec-ft.  and  for  73  days  less  than  0.4  sec-ft.;  that  is,  for  23 
days  the  flow  will  be  between  that  required  for  maximum  power 
and  80  per  cent  power.  The  steam  plant  will  be  supplying, 
during  these  23  days,  energy  varying  from  nothing  to  4  per  cent, 
an  average  of  2  per  cent;  the  total  output  of  the  steam  plant  for 
this  period  will  then  be  proportional  to  23  X  2  per  cent.  This 
procedure,  carried  out  step  by  step  and  the  results  stunmed  up 
and  averaged,  will  give  the  energy  to  be  furnished  by  the  steam 
plant  during  the  low-water  period,  for  the  load  curve  used. 

But  this  method  is  somewhat  tedious  and  the  data  is  not  suffi- 
ciently accurate  to  justify  any  refinement;  hence  an  approxima- 
tion is  developed,  based  on  the  assumption  that  the  average 
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duration  curve  may  be  represented  sufficiently  well  for  this  pur- 
pose by  a  straight  line. 

That  this  average  duration  curve  is  nearly  a  straight  line  is 
shown -in  Fig.  6a  where  the  actual  points,  and  the  assumed 
straight  line  are  shown;  the  equation  of  the  line  is 

e  =  eo     +D/d  (3) 

Q  =  0.08  +  D/220  (Sa)' 

This  equation  means  that  any  fixed  increase  or  decrease  in 
the  flow  will  take  place  in  the  same  number  of  days,  that  is, 
the  number  of  days  that  the  flow  is  between  0.2  and  0.3  sec-ft. 
is  the  same  as  the  number  when  it  is  between  0.9  and  1.0  sec-ft. 
As  the  stream-flow  is  directly  proportional  to  power,  this  means 
that  the  number  of  days  used  as  the  multiplier  in  the  illustration, 
is  the  same  for  all  parts  of  the  percent-load  curve,  when  the  inter- 
val in  stream-flow,  and  consequently  in  power,  is  constant.  The 
energy  supplied  by  the  steam  plant  between  100  per  cent  and  90  per 
cent  power  is  then  the  average  of  the  abscissas  of  these  points 
multiplied  by  a  definite  number  of  days.  Similarly  between 
30  per  cent  and  20  per  cent  the  energy  supplied  is  the  average 
of  the  abscissas  multiplied  by  the  same  number  of  days.  The 
sum  of  these  abscissas,  taken  sufficiently  closely  and  multiplied 
by  the  power  difference,  or  time  difference,  is  directly  propor- 
tional to  the  area  of  the  percent-load  curve  from  the  peak  down 
to  the  point  of  low-flow  considered. 

The  duration  in  days  corresponding  to  a  fixed  percent  difference 
in  power,  as  10  per  cent,  is  clearly  directly  proportional  to  the 
flow  corresponding  to  maximum  power,  Qm;  if  Qm  =  1.0  sec-ft. 
then  10  per  cent  power  corresponds  to  0.1  sec-ft.,  and  to  22  days 
from  eq.  (Sa).  But  if  Qm  is  0.5  sec-ft.,  then  10  per  cent  power 
corresponds  to  0.05  sec-ft.,  and  to  11  days.  The  per  cent  energy 
deficiency  is  then  proportional  to  the  flow  for  maximum  power 

Qm. 

It  can  easily  be  shown  that  the  energy  deficiency  in  per  cent. 
/>,  =  100  Q.  Xd/365  X  (Area  above  P.^  ^^^ 

As  10*  represents  the  area  of  the  square  enclosing  the  curve 
Y RP  L  X,  the  ratio  of  the  areas  is  shown  graphically;  (d)  is 
the  number  of  days  to  increase  the  flow  by  one  sec-ft.,  Qm  the  flow 
corresponding  to  maximum  power. 
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The  practical  way  to  calculate  this  deficiency  is  to  take  the 
abscissas  of  the  average  power  interval,  add  them  up,  multiply 
by  the  corresponding  number  of  days  and  divide  by  365,  thus 
getting  the  average  per  cent  deficiency. 

For  example: 

Qm  ^  I'O;  10  per  cent  power  intervals;  days  corresponding 

to  10  per  cent  =  22 
Qo  =»  0.2  sec-ft. 

Calculate  the  average  peak-energy  for  each  step  of  10  per  cent 
of  the  power  down  to  the  minimum  power,  20  per  cent,  as  follows: 


Average  peak-energy  be- 

tween power  values  of 

Per  cent 

100-90 

0.6 

00-80 

2.6 

80-70 

6.8 

70-60 

14.0 

60-60 

23.7 

60-40 

36.0 

40-30 

47.6 

30-20 

61.6 

Sum  191 . 3 

Hence  average  percent-deficiency  =  191.3  X  22/365 

=  11.5  per  cent. 

If  Qm  had  been  0.5,  then  the  number  of  days  corresponding  to 
the  10  per  cent  power  interval  would  have  been  11,  and  the  per 
cent-deficiency  would  have  been  11.5/2  =  5.75  per  cent. 

It  is  simpler  and  sufficiently  accurate  to  take  the  abscissa  of 
the  average  power  ordinate  for  each  step,  instead  of  the  average 
of  the  abscissas  of  the  two  limiting  power  values. 

Typical  Percent-Load  Curves 
This  completes  the  consideration  of  necessary  capacity  of 
the  steam  plant  and  its  output,  for  hydraulic  plants  both  with 
and  without  pondage,  and  for  any  stream  flow  corresponding 
to  the  rated  capacity. 

The  method  then  depends  upon  the  use  of  three  curves;  the 
"  percent-deficiency  "  and  the  *'  duration  '*  curve,  characterizing 
the  hydraulic  features  of  the  development  and  the  **  percent 
load  "  cwrve,  characterizing  the  power  load.  It  remains  now  to 
show  how  the  results  so  far  arrived  at,  can  be  applied  to  de- 
termine the  increased  cost  of  the  auxiliary  supply  and  conse- 
quently the  economical  point  of  the  development,  considered 
in  the  light  of  the  actual  conditions  of  the  power  market. 
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Before  doing  this,  however,  some  examples  of  percent-load 
curves  will  be  given,  in  order  to  bring  out  the  variation  of  these 
corves  with  different  conditions. 

Pig.  10  gives  the  percent-load  curve  of  a  medium  size  traction 
system  with  some  light  and  power  service,  in  an  eastern  city; 
the  maximum  power  of  this  load  was  approximately  15,000  kw. 
The  curve  is  that  of  a  single  day,  not  an  averaged  curve.  Fig. 
11  gives  the  curve  for  a  traction  system  of  a  western  city,  the 
maximum  power  being  approximately  7000  kw.     An  examina- 
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tion  of  these  two  curves  shows  that  of  Fig.  1 1  to  be  a  more  peaked 
curve.  For  instance  Fig.  11  contains  less  than  six  per  cent  of 
the  energy  in  the  30  per  cent  peak,  whereas  Fig.  10  shows  10 
per  cent.  Fig.  11  shows  21  per  cent  of  the  energy  for  the  50  per 
cent  peak,  whereas  Fig.  10  shows  28  per  cent.  The  total 
load-factors  do  not  differ  greatly,  being  54  per  cent  in  the  one 
case  and  61  per  cent  in  the  other. 

Figs.  12  and  13  show  the  percent-load  curves  for  the  same 
system,  Pig.  12  being  the  averaged  curve  of  twelve  Saturday 
curves,  one  for  each  month  of  the  year,  and  Pig.  13  the  averaged 
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curve  of  the  twelve  succeeding  Mondays.  These  show  well  the 
difference  in  the  characteristics  of  the  load  of  the  same  system 
for  different  days.  This  difference  would  be  reflected  in  the 
capacity  of  the  steam  plant  required  for  reserve.  With  a  stream- 
flow  of  20  per  cent  of  the  rated  flow,  (with  pondage),  the  load  of 
Pig.  12  would  require  a  steam  plant  of  50  per  cent  capacity, 
whereas,  the  load  of  Fig.  13  would  require  only  44  per  cent. 
For  a  10  per  cent  ratio,  Fig.  12  requires  70  per  cent  and  Fig. 
13,  59  per  cent. 
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Fig.  14,  is  to  show  the  diSerence  in  capacity  of  steam  plant 
required  for  loads  having  the  same  total  load-factor,  but  differ- 
ing in  shape.  The  four  load  curves  shown,  all  have  a  total  load- 
factor  of  40  per  cent;  but  with  a  ratio  of  low  flow  to  the  rated 
flow  of  25  per  cent,  as  indicated  by  0  T,  the  steam  plant  capacity 
required  will  be  33,  42.S,  54  and  59  per  cent  of  the  manmtun 
respectively.  The  percent-load  curve  therefore,  brings  out 
clearly  the  fact  that  the  total  load-factor  is  not  the  detenoining 
factor  in  fixii^  the  capacity  of  the  auxiliary  steam  plant. 

Pig.  15  gives  the  "  annual  percent-load  "  curve  of  the  light- 
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ing  system  in  a  western  city.  This  curve  is  made  up  from  a  large 
number  of  representative  curves  for  different  periods  of  the  year; 
as  for  instance,  one  load  curve  being  taken  to  represent  each 
week;  the  maximum  annual  power  is  taken  at  one  hundred  and 
the  maxima  of  the  load  curves  representing  the  different  periods 
of  the  year  at  their  appropriate  values.  From  these  curves  the 
energy  above  any  partictdar  value  of  the  power  is  calculated 
for  each  curve  and  the  different  amounts  summed  up  to  give  the 
total  energy  above  that  value  of  the  power  for  the  entire  year. 
In  other  words,  this  curve  represents,  with  the  year  as  the  unit 
of  time  instead  of  the  day,  the  relation  of  peak-energy  and  power. 
Curves  of  this  character  shotdd  be  used  to  determine  the  steam 
reserve  when  plants  with  large  reservoir  capacity,  as  distinguished 
from  pondage,  are  under  consideration;  the  same  general 
methods  will  apply  to  such  a  problem  as  to  those  I  have  consid- 
ered, but  it  is  not  my  purpose  at  present  to  consider  this  problem 
further  than  to  give  an  illustration. 

Suppose  that  the  load  represented  by  the  curve  of  Fig.  15 
is  to  be  supplied  and  that  a  reservoir  capacity  of  different 
amounts  can  be  obtained  at  increasing  expenditures.  If  a  reser- 
voir capacity  equal  to  10  per  cent  of  the  energy  is  available 
a  steam  plant  of  38.5  per  cent  will  be  required.  If  a  reservoir 
capacity  equal  to  20  per  cent  is  provided,  the  steam  plant  capac- 
ity is  reduced  to  30  per  cent.  That  is,  by  doubling  the  reservoir 
capacity,  the  steam  plant  capacity  is  reduced  from  38.5  per  cent 
to  30  per  cent  of  the  maximum  load  and  the  question  to  be  de- 
termined is  whether  the  additional  annual  cost  of  the  double 
reser\'oir  capacity  or  the  additional  annual  cost  of  the  steam 
plant  and  its  operation  will  be  greater. 

The  duration  and  the  percent-load  curves  so  far  considered 
have  been  for  the  entire  year;  such  curves  can,  however,  be  com- 
piled for  each  month  of  the  year  and  with  percent-load  curves 
representing  the  load  for  each  month,  the  determination  of  the 
steam  plant  capacity  can  be  made  for  each  month.  Where 
conditions  are  known  with  sufficient  accuracy,  the  consideration 
of  the  monthly  regimen  of  the  stream  may  be  justified.  The 
method  to  be  used  does  not  differ  in  any  respect  from  that 
discussed.  It  becomes  merely  a  question  of  considering,  say, 
twelve  sets  of  etudes  instead  of  one  set.  The  actual  use  of  these 
curves  is  so  simple  that  the  additional  labor  required  is  negli- 
gible. 

The  minimum  flow  of  the  stream  to  be  used  may  be  the  ab- 
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solute  minimum,  the  minimum  of  the  average  year,  the  average 
minimum,  or  some  other  value  of  low  discharge  of  the  stream. 
The  selection  of  the  particular  value  to  be  used  depends  upon 
the  degree  of  insurance  of  the  continuity  of  the  supply  that  is 
justified  by  the  conditions.  The  added  cost  of  the  insurance 
of  the  supply  should  be  equated  to  the  losses,  direct  and  indirect, 
sustained  by  failure  of  the  supply.  If  it  is  planned  to  secure 
absolute  continuity,  in  as  far  as  stream-flow  is  concerned,  it 
will  be  necessary  to  use  the  absolute  minimum  of  the  stream 
and  to  use  it  in  connection  with  the  maximum  load  that  can  occur 
upon  any  day  when  the  stream-flow  may  be  lowest.  This  degree 
of  insurance  is  seldom  necessary;  usually  it  will  be  sufficient  to 
use  the  stream-flow  which  can  be  depended  on  for,  say  four  years 
out  of  five;  in  other  words,  to  eliminate  the  extraordinarily  low 
discharge  which  will  occur  once  in  every  five  to  ten  years.  But 
on  this  point,  as  in  all  others  in  connection  with  the  matter,  the 
decision  depends  upon  the  experience  and  judgment  of  the  en- 
gineer,  and  no  hard  and  fast  rule  can  be  laid  down.  One  kind 
of  load  demands  the  highest  degree  of  insurance,  whereas  loads 
of  a  different  character  may  be  satisfactorily  served  with  a. 
less  degree  of  insurance. 

Cost  of  Hydroelectric  Plants 
This  completes  the  description  of  the  method  of  determining 

the  capacity  and  output  of  the  auxiliary  steam  plant  required 
for  any  conditions  of  load  and  stream-flow.  It  is  seen  to  depend 
on  the  use  of  two  curves,  the  percent-deficiency  curve  and  the 
percent-load  curve.  For  plants  with  pondage,  the  ratio  of  low- 
flow  to  rated-flow  fixes  the  capacity  of  the  steam  plant,  through 
the  use  of  the  percent-load  curve,  and  its  energy  output  is  de- 
termined by  the  percent-deficiency  curve.  For  plants  without 
pondage,  the  capacity  of  the  steam  plant  is  fixed  by  the  ratio  of 
the  low-flow  to  rated-flow  and  its  output  is  determined  by  the 
percent-load  curve. 

The  application  of  this  method  depends  upon  the  determina- 
tion of  the  cost  of  an  hydroelectric  development  at  any  given 
site  over  a  range  of  capacities.  The  cost  per  kilowatt  for  the 
development  for  low  stream  flow  will  obviously  be  very  high, 
but  will  decrease  as  the  rated  flow  of  the  development  increases. 
In  order  to  use  the  method,  it  is  necessary  to  know  the  annual 
cost  of  the  hydraulic  development  per  kilowatt  of  its  capacity 
throughout  the  range  of  capacities  under  consideration,  inasmuch 
as  this  cost  added  to  the  annual  cost  of  the  steam  plant  gives  the 
total  annual  cost  of  the  combined  plant  per  kilowatt.     In 
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any  specific  case  detailed  estimates  of  the  total  cost  of  the  hy- 
draulic development  for  the  range  of  capacities  should  be 
used,  but  in  order  to  discuss  the  matter  generally  some 
assumption  must  be  made  covering  the  cost  per  kilowatt  of  a 
hydraulic  development  at  a  given  site,  for  several  capacities  of 
equipment. 

The  cost  of  any  hydroelectric  development  is  made  up  of 
certain  items  that  are  independent  of  the  capacity  of  the  equip- 
ment installed  and  others  proportional  to  the  capacity;  in  most 
hydroelectric  plants,  the  fixed  costs  are  materially  greater  than 
the  variable  costs.  The  relative  amounts  of  these  two  items 
vary  with  the  different  character  of  plants,  but  within  a  reason- 
able range  of  capacity,  the  assimiption  that  total  cost  is  a  con- 
stant plus  an  amoimt  proportional  to  capacity  is  sufficiently 
true  to  serve  in  a  discussion  of  this  kind.  In  any  concrete  case, 
the  accurate  method  to  determine  cost  for  various  capacities  is 
to  make  detailed  estimates  for  the  several  projects. 

TABLE  III. 

Rblative  Cost  op  Somb  Hydroblectric  Plants. 

Proportion  of  Total  Cost  that  is 
Plant  No.  Fixed  Variable 

1 70  per  cent  30  per  cent 

2 72  «  28         « 

3 40  «  60         " 

4 72  «  28 

5 72  «  38 

6 58  «  42 

7 67  «  33 

8 68  •  32 

9 77  «  23 

10 76  «  24 

11 77  «  23 

12 68  «  32         « 

Average 68  per  cent  32  per  cent 

Table  III  gives  the  division  between  the  fixed  portion  of 
the  cost  and  the  variable  portion  for  twelve  different  plants, 
covering  high  head,  medium  head  and  low  head  plants,  some  with 
flumes,  canals,  or  pipe  lines,  and  others  with  heavy  concrete 
dams  and  no  water-ways.  The  data  of  this  table  are  taken  from 
a  ntunber  of  sources;  several  are  my  estimates,  some  are  from 
the  reports  of  other  engineers  and  others  are   from  published 
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statistics.  In  some  cases,  detailed  estimates  have  been  prepared 
by  the  engineer  for  several  different  capacities;  in  others,  the 
items  of  cost  as  given  for  the  normal  development  are  divided 
into  an  assumed  fixed  part  and  a  variable  part;  the  variable  part 
is  then  taken  to  be  proportional  to  the  capacity. 

The  data  of  this  table  may  be  somewhat  surprising.  One 
would  probably  think  that  the  cost  of  an  hydraulic  plant  for 
high  head  with  fliune  lines,  canals,  penstocks,  and  without 
storage,  would  be  in  greater  part  proportional  to  capacity,  than 
wotdd  a  plant  with  a  large  concrete  dam  and  no  waterways.  But 
the  preliminary  costs,  riparian  rights,  removal  of  railroads  and 
roads,  real  estate,  right-of-way  for  transmission  line,  charters, 
legal  expenses,  banker's  expenses,  and  various  items  that  are 
not  directly  dependent  upon  the  capacity,  together  with  that 
part  of  the  cost  of  the  equipment  which  is  in  itself  not  directly 
proportional  to  capacity,  make  up  a  large  part  of  the  total  cost, 
even  in  such  cases. 

For  want  of  a  better  generalization  covering  the  cost  of  an 
hydraulic  development,  it  will  be  assumed  that  the  total  cost  is 
composed  of  a  fixed  portion  plus  a  portion  proportional  to  the 
capacity;  it  being  always  kept  in  mind  that  this  is  done  simply 
to  illustrate  the  method  described  and  not  as  an  attempt  to 
formulate  a  general  rule.  The  results  from  this  assumption 
check  well,  in  certain  cases,  with  detailed  estimates  based  on 
actual  figures  of  cost  of  developments  at  the  same  site,  for 
various  capacities. 


TABLE  IV. 
Values  of  kr  =»  (a/r  +  b) 


a  =  0.75 

a  =  0.67 

a  =  0.60 

a  «  0.50 

r 

b  -  0.25 
1.75 

b  =  0.33 
1.67 

b  =0.40 

b  -0.50 

0.5 

1.60 

1.50 

1.0 

1.00 

1.00 

1.00 

1.00 

1.5 

0.75 

0.78 

0.80 

0.83 

2.0 

0.63 

0.67 

0.70 

0.76 

Let,  then, 

a  =  the  part  of  the  cost  of  the  plant,  in  per  cent,  that  does 
not  vary  with  the  capacity, 

h  =  the  part  that  is  proportional  to  capacity, 

r  =  the  ratio  of  the  capacities,  taking  some  intermediate 
capacity  of  plant  as  unity,  in  order  that  the  range  in 
capacity  may  be  kept  as  narrow  as  may  be. 
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Then  the  ratio  of  total  cost  of  plants  for  various  capacities  is 
represented  by  (a  +  r  b) 
and  the  ratio  of  the  cost  per  kilowatt  of  capacity  is 

kr  =  (a/r  +  b)  (4) 

For  plants  both  with  and  without  pondage,  the  ratio  of  capac- 
ity is  the  ratio  of  rated  stream-flow,  since  the  same  load  curve 
is  assumed  for  the  several  capacities,  that  is  the  same  power 
market. 

If  then,  ^1  is  the  stream-flow  for  the  basic  capacity,  i,e,  for 
r  =  1  and  Qr  is  for  any  other  capacity, 

then  r  =  Qr/Qi.  (6) 

The  annual  charges  on  a  hydroelectric  plant  are  practically 
independent  of  the  energy  output;  this  is  strictly  true  for  the 
fixed  charges,  such  as  interest,  depreciation,  insurance,  taxes, 
etc.,  and  is  approximately  true  for  the  cost  of  management.  In- 
asmuch as  the  investment  cost  per  kilowatt  of  the  combined 
plants  will  vary  over  a  wide  range,  profit  must  be  included  with 
fixed  charges  in  order  to  determine  the  economical  development. 
It  is  assumed  that  there  is  market  at  a  known  price  and  the 
question  is  to  determine  at  what  price  energy  can  be  sold  from 
the  various  developments;  therefore  selling  price  and  not  cost 
must  be  determined.  In  what  follows,  I  take  for  the  fixed 
charges  for  the  hydroelectric  and  steam  plants  the  following: 

TABLE  V. 

Hydroelectric  Steam 

Interest  and  profit 10  per  cent  10  per  cent 

Depreciation  and  obsolescence. ...       2         "  7         " 

Insurance  and  taxes 1         "  2         ** 

Management 1         **  1         " 


Total 14  per  cent         20  per  cent 

Depreciation  in  a  hydroelectric  plant  affects  only  a  small 
portion  of  the  total  development,  the  equipment;  whereas  in 
a  steam  plant  practically  the  entire  plant  is  subject  to  deprecia- 
tion. Similarly,  obsolescence  due  to  changes  in  the  art  is  prac- 
tically non-existent  in  an  hydroelectric  plant,  since  the  plant  can- 
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not  be  changed  in  any  reasonable  way  in  order  to  obtain  a  higher 
efficiency,  whereas  with  a  steam  plant  it  is  well  known  there  is  a 
constant  change  due  to  the  improvements  in  the  economy  of 
machines.  The  fundamental  reasons  for  the  greater  permanence 
for  the  hydraulic  plant  is  the  fact  that  the  efficiency  of  the  con- 
version of  energy  in  this  case  is  high,  say  80  per  cent,  whereas 
with  a  steam  plant  it  will  not  exceed  12  per  cent.  The  margin 
for  possible  improvement  is  then  very  small  in  the  one  case  and 
very  great  in  the  other.  Further,  the  hydraulic  plant,  once 
built,  cannot  well  be  radically  changed,  even  though  the  efficiency 
of  the  waterwheels  should  be  made  greater,  and  if  such  changes 
could  be  made  they  would  not  be  economical,  owing  to  the  great 
cost  of  changes  in  the  entire  construction  of  the  plant. 

Insurance  and  taxes  are  less  for  the  hydraulic  plant  on  account 
of  the  different  character  of  the  property,  and  also  due  to  the 
fact  that  the  plant  itself  is  usually  in  a  country  district  where 
the  tax  rate  is  lower  than  in  a  city. 

The  cost  of  operation  and  maintenance  of  a  hydroelectric 
plant  is  practically  independent  of  its  output,  and  only  in  part 
proportional  to  its  capacity.  It  is,  however,  relatively  to  fixed 
charges  and  profit,  so  small  that  no  error  of  moment  will  be  made 
by  assuming  it  to  be  proportional  to  capacity. 

The  total  annual  cost  will  then  be  as  follows: 

Let 

ik     =  the  sum  of  all  charges  and  profit,  in  per  cent 

Ck    =  the  capital  cost  of  the  plant  per  kw.  of  maximum 

capacity  at  basic  rating,  i.e.  for  r  =  1. 
Ok    =  the  total  operating  and  maintenance  cost  per  kw.  for 

basic  capacity, 
kf    =  a/r  +  6  =  the  ratio  of  cost  per  kw.    to    basic  cost. 

Then  will 

Total  annual  cost  per  kw.  »=  -4*  =  ikkr  Ck  +  Ok  kr 

=  *,  {ik  Ck  +  Ok)  (6) 

Annual  Cost  of  Steam  Plant 

To  this  annual  cost  must  be  added  the  total  cost  of  the  steam 
plant,  determined  for  the  conditions  of  operation  fixed  by  the 
"  percent-deficiency  '*  and  the  "  percent-load  *'  curve.  This 
is  done  as  follows: 
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Let 

c  =  the  annual  fixed  charges  in  dollars  on  the  steam  plant 
per  kw.  of  its  own  capacity,  including  interest,  profit, 
depreciation,  taxes,  insurance  and  pay  roll  for  the  term 
during  which  the  plant  will  be  in  commission,  usually 
for  7  to  10  months,  and  also  including  a  certain  portion 
of  the  fuel,  that  part  required  to  bank  fires,  or  to  keep 
the  plant  ready  for  quick  operation. 

m  =*  the  increment  cost  of  energy  production  in  mills  per 
kw-hr.     This  will  include  only  fuel  and  minor  supplies. 

P$  =»  the  percent  energy  deficiency  for  the  average  year  imder 
the  assumed  conditions. 

Pc  =  the  relative  capacity  of  the  steam  plant  required  to 
meet  the  assvuned  conditions. 

k  =  the  number  of  hours  equivalent  to  the  load-factor, 
from  the  percent-load  curve,  divided  by  1000,  i,e. 
=  /  X  8760/1000,  where  /  is  the  load-factor. 

Then  the  annual  cost  of  the  steam  plant  per  kw.  of  total  load 

is  At  —  cpc  +  hmp^  (7) 

i4,  is  the  increased  annual  cost  per  kw.  of  total  load,  which 
is  imposed  by  the  steam  plant. 

From  this,  the  increased  cost  in  mills  per  kw-hr.  of  the  total 
output  due  to  the  addition  of  the  auxiliary  steam  plant  is 

As/h  =  cpc/h  +  mp,  (8) 

The  selling  price  is  then  given  by 

S  =  Ah  +  As  (9) 

Examples  of  Use  of  Method 

The  application  of  this  method  to  certain  assumed  conditions 
is  given  in  the  tables  following.  Example  I  gives  the  total  annual 
cost  for  the  Susquehanna  for  developments  rated  at  0.25,  0.5, 
0.75  and  1.0  sec-ft.  per  square  mile  for  a  plant  with  pondage 
and  for  a  load  having  *a  high  load-factor  of  64  per  cent.  The 
results  are  first  calculated  for  an  investment  cost  of  $100  per 
kilowatt  for  the  hydraulic  plant,  when  developed  for  a  rated 
flow  of  0.5  sec-ft.,  and  for  an  annual  cost  of  $10  per  kilowatt,  cover- 
ing the  fixed  charges  of  the  steam  plant,  corresponding  to  an 
investment  cost  of  $50  per  kilowatt,  if  20  per  cent  be  taken  for 
fixed  charges.  An  addition  is  then  made  to  the  figures  thus 
obtained  to  cover  an  investment  cost  of  the  hydraulic  plant  of 


186 


HUTCHINSON:  HYDROELECTRIC  PLANTS     [Feb.  26 


$150  per  kilowatt  and  also  to  cover  fixed  charges  at  $15  per 
kilowatt  for  the  steam  plant.  The  annual  cost  for  four  different 
conditions  is  then  given  in  the  table;  that  is  for  hydraulic  cost 
of  $100  and  annual  steam  cost  of  $10;  hydraulic  cost  of  $100 
and  annual  steam  cost  of  $15;  hydraulic  cost  of  $150  and  annual 
steam  cost  of  $10;  hydraulic  cost  of  $150  and  annual  steam  cost 
of  $15.  Throughout,  the  increment  operating  cost  of  the  steam 
plant  is  taken  at  3  mills  per  kw-hr. 


EXAMPLE  I:  Plant  with  pondage: 

Load  of  Fig.  9,  load-factor  64  per  cent,  h  »  5500/1000, 
Assume 

kr  -  0.67/r  +  0.33:  Qr  «  0.6,  for  r  «1;  minimum  flow  Qq 
Ck  ■=  $100,  Ok  =  $1,  ik  -  14  per  cent. 
Hence 

(ik  Ck  +  Ok)  =  $16  -  Ak/kri  Ak  -  $15  kr; 
Also  c  ->  910,  Iff  «-  3  mills;  m  A  />«  -  $16.60  />«. 


0.1 


TABLE   VI. 


1.  Rated  stream-flow,  Qr,  sec-ft 

2.  Ratio  of  capacity,  Qr/0.5 

3.  Percent-deficiency,  p#,  (Fig.   6) 

4.  Minimum/rated-flow,  0.1 /Qr 

5.  Steam  plant  capacity,  Pc,  (Fig.  9).. . 

6.  Hydraulic  cost  ratio,  kr  (Table  V) .  . . 

7.  JIO  X  peOined) 

8.  J16.50  X  />•  (Hne  3) 

9.  A,  =  (7)  -f  (8)  =  Steam  cost 

10.  Ah  =  ^15  kr  =•  Hydratdic  cost 

11.  5  =  i4,  +  i4A  =  Total  cost 

The  increment  to  be  added  to  line  (11)  for 

12.  Ck  =  •150  is 

13.  c  =  %15  is 

And  therefore  for 

14.  Ck  =  •lOO     c  =  $15,  5  is 

15.  Ca  =  $150    c=$10,  5is 

16.  Ck  =  $160    c  =  $16,  5  is 


0.26 

0.50 

0.50 

1.0 

2.7 

10.4 

0.4 

0.2 

0.41 

0.58 

1.67 

1.00 

$4.10 

$5.80 

0.45 

1.72 

4.55 

7.52 

26.00 

15.00 

$29 . 55 

$22.62 

$11.70 

$7.00 

2.05 

2.90 

31.60 

25.42 

41.25 

29.52 

43.30 

32.42 

0.76 
1.60 

18.1 
0.13 
0.65 
0.78 

$6.50 
2.95 
9.46 

11.70 


$21 . 16 

$5.48 
3.25 

24.40 
26.63 
29.88 


Example  II  embodies  the  same  data  as  Example  I,  except 
that  a  load  having  a  medium  load-factor  of  42.5  per  cent  is  taken. 
Example  III  is  the  same  as  Example  I  except  that  a  load  having 
a  low  load-factor  of  32  per  cent  is  taken. 


EXAMPLE  II:  Same  as  Example  I,  except  that  load-curve  of  Fig.  12  is 
used.  Load-factor  42.5  per  cent:         h  =3700/1000 

mhpt  -^  $11.40 />«. 
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TABLE   VII. 


1.  Rated  stream  flow,  Qr,  sec-ft 

2.  Ratio  of  capacity,  Qr/0.5 

3.  Per  cent-deficiency,  p^,  (Fig.  6) 

4.  Minimum/rated-flow,  0,1 /Qr 

5.  Steam  plant  capacity,  Pc  (Pig.  12) . . . 

6.  Hydraulic  cost  ratio,  kr  (Table  V) .  . . 

7.  $10  Xpe(line  5) 

8.  $11.40  X  p.  aine  3) 

9.  A,  -  (7)  +  (8)  -  Steam. cost 

10.  Ak  »  $15  kr        »  Hydraulic  cost 

11.  S  ^  A,  +  Ak     «  Total  cost 

The  increment  to  be  added  to  line  (11)  for 

12.  Ck  =  $160  is 

13.  c  -  $15  is 

And  therefore  for 

14.  Ck  =  $100;  c  =  $15,  5  is 

16.  Ck  «    160;  c  =    10,  5  is 

16.  Ca  -     160;  c  =    15,  5  is 


0.25 

0.5 

2.7 

0.4 

0.29 

1.67 

$2.90 
0.30 
3.20 

25.00 


$28.20 

$11.70 
1.45 

29.65 
39.90 


0.60 
1.0 

10.4 
0.2 
0.61 
1.00 

$5.10 
1.15 
6.25 

15.00 


$21.25 

$7.00 
2.55 

23.80 
28.25 


41.35    30.80 


0.75 
1.50 

18.1 
0.13 
0.63 
0.78 

$6.30 
2.06 
8.36 

11.70 


$20.06 

$5.48 
3.15 

23.21 
25.54 
28.69 


1.00 
2.0 

25.4 
0.10 
0.71 
0.67 
7.10 
2.82 
9.92 

10.00 


$19.92 

$4.70 
3.66 

23.47 
24.62 
28.17 


EXAMPLE  III:  Same  as  Example  I,  except  that  load-curve  of  Fig.  15  is 
used.  Load-factor,  32  per  cent,         h  =  2800/1000. 

mhpc  "  $8.40  />«. 

TABLE  VIII. 


1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 


Rated  stream  flow,  Qr,  sec-f t 

Ratio  of  capacity,  Or/0.5 

Per  cent- deficiency,  p^  (Fig.  6) .  . .  . 

Minimum/rated-flow,  0.1 /Qr 

Steam  plant  capacity,  Pc  (Fig.  15) 
Hydraulic  cost  ratio,  kr  (Table  V) . 

%10  Pc  (line  5) 

$8.40 /»,  (line  3) 

Am^  (7)  -f  (8)  =  Steam  cost 

Ak'^  $15  kr  =  Hydraulic   cost.  . .  . 


11.  5  -  i4,  -f  i4*  =  Total  cost 

The  increment  to  be  added  to  line  (11)  for 

12.  Ck  =-  $150 

13.  c  -  $15 

And  therefore  for 

14.  Ck  -  $100;  c  =>  $15,  5  is 

15.  Ca  -     160;  c=    10,  5  is 

16.  Ck  -     150;  c  =-     15,  5  is 


0.25 

0.5 

2.7 

0.4 

0.21 

1.67 

$2.10 
0.22 
2.32 

25.00 


0.50! 

i.oo' 

10.4  j 
0.2  j 
0.30 
1.00| 

$3.00 
0.87! 
3.87, 

15.00 


0.75 
1.50 

18.1 
0.13 
0.35 
0.78 

$3.50 
1.52 
5.02 

11.70 


$27 . 32 

$11.70 
1.05 

$28.37 
39.02 
40.07 


$17.87  $16.72 

$7.00j  $5.48 
1.50!  1.75 


20.37 
25.87 
27.37 


18.47 
22.20 
23.95 


1.00 
2.0 

25.4 
1.10 
0.39 
0.67 

$3.90 
2.23 
6.13 

10.00 


$16.13 

$4.70 
1.95 

18.08 
20.78 
22.83 


The  results  from  these  three  cases  are  summarized  in  Table 
IX,  which  gives  the  total  annual  cost  per  year  per  kilowatt  of 
combined  hydraulic  and  steam  plants,  for  the  four  conditions 
of  investment  and  operating  costs  stated  above.    To  this  is 
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added  a  column  giving  the  annual  cost  of  an  "  all-steam  " 
supply  under  the  same  conditions  of  load.  The  cost  of  the  steam 
supply  imposes  an  upper  limit  to  the  permissible  cost  of  the 
combined  hydraulic  and  steam  plants,  as  it  is  obvious  that  it 
would  be  bad  business  to  develop  the  combined  plant  unless 
a  material  saving  in  the  total  annual  cost  is  thereby  obtained. 

TABLE   IX. 
Total  Price  per  Kilowatt- Year — from  Tables  VI,  VII  and  VIII — 

AND  Price  for  an  "  All-stbam  "  Supply. 


Or-.. 
I     For  Ca  -  JlOO: 

1  Load-factor 

2  Load-factor 

3  Load-factor 
II     For  Ca  =  JlOO: 

1  Load-factor 

2  Load-factor 

3  Load-factor 

III  For  Ca  -  J150: 

1  Load-factor 

2  Load-factor 

3  Load-factor 

IV  For  Ck  -  •ISO: 

1  Load-factor 

2  Load-factor 

3  Load-factor 


c  -  $10 
64  per  cent . . 
42 . 5  per  cent 
32   per  cent 

c  =  $15 
64  per  cent 
42 . 5  per  cent 
32 . 0  per  cent 
c  »  $10 
64 . 0  per  cent 
42 . 5  per  cent 
32 . 0  per  cent 

c  =>  $15 
64 . 0  per  cent 
42 . 5  per  cent 
32.0  percent 


0.25 

$29.55 
28.20 
27.32 

31.60 
29.65 
28.37 

41.25 
39.90 
39.02 

43.30 
41.35 
40.07 


0.5 

$22.52 
21.15 
18.87 

25.42 
23.80 
20.37 

29.52 
28.25 
25.87 

32.42 
30.80 
27.37 


0.75 

$21 . 15 
20.06 
16.72 

24.40 
23.21 
18.47 

26.63 
25.54 
22.20 

29.88 
28.69 
23.95 


1.00 

$21.10 
19.92 
16.13 

24.55 
23.47 
18.08 

25.80 
24.62 
20.78 

29.25 
28.17 
22.73 


I 


All 

Steam 

$26.50 

21.10 

18.40 

31.50 
26.10 
23.40 

26.50 
21.10 
18.40 

31.50 
26.10 
23.40 


Table  IX  shows  that  for  a  hydraulic  cost  of  $100  and  an 
annual  steam  cost  of  $10,  the  development  must  be  carried  be- 
yond 0.5  sec-ft.  per  square  mile,  for  any  load-factor  except  the 
64  per  cent.  That  is  to  say,  that  a  development  for  a  stream 
flow  of  0.5  sec-ft.,  under  the  assumptions  made,  can  not  com- 
pete with  the  steam  supply,  at  any  except  a  very  high  load-factor. 
If,  however,  the  annual  charges  on  the  steam  plant  are  taken  at 
$15,  then  the  development  of  0.5  sec-ft.  is  cheaper  than  the 
steam  plant  at  all  of  the  load-factors,  the  point  of  equal  costs 
being  somewhere  between  0.25  and  0.5  sec-ft. 

If  the  hydraulic  cost  is  asstuned  at  $150  and  the  fixed  charges  at 
$10  then  no  hydraulic  development  is  economical  up  to  1.0 
sec-ft.,  with  the  possible  exception  of  a  load-factor  of  64  per  cent 
with  a  development  of  1.0  sec-ft.  which  gives  the  total  cost  sub- 
stantially the  same  as  the  steam  cost.  If,  however,  the  hydraulic 
cost  is  taken  at  $150,  and  the  annual  steam  cost  at  $15,  the 
combined  development  might  be  economical  at  1  sec-ft.,  but 
not  at  the  low  discharges,  generally  speaking. 

The  gist  of  the  matter  is  that  on  the  assumptions  made,  which 
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are,  as  far  as  I  am  able  to  tell,  reasonable,  the  hydraulic  develop- 
ment must  be  carried  to  a  very  much  higher  point  of  stream-flow 
than  is  usually  assumed  and  with  a  p-eater  percentage  of  reserve 
plant,  in  order  that  the  combined  plant  shall  show  any  savings 
in  comparison  with  the  steam  supply. 

These  three  examples  are  all  for  plants  with  pondage.  To 
show  the  difference  when  there  is  no  pondage,  Example  IV  is 
given,  the  same  general  assumptions  are  made  as  in  Example  II, 
the  intermediate  load-factor  being  taken.  The  cost  of  the 
hydraulic  plant  is  taken  at  $100  per  kilowatt  of  maximum  capac- 
ity, as  in  Table  II;  this  corresponds  to  $100  per  kilowatt  for  a 
development  of 

©••  =  0.5/0.45  =  1.18  sec-ft.  as  maximum  flow. 

With  these  asstunptions.  Tables  X  and  VII  are  directly  com- 
parable; the  difference  in  total  costs  is  due  entirely  to  the  lack 
of  pondage  and  consequent  increased  cost  of  the  steam  supply. 
For  example,  for  0.25  sec-ft.,  the  cost  of  the  steam  supply  with 
pondage  is  S3.20  per  kw.,  without  pondage  $8.96,  making  a  differ- 
ence of  $5.76  per  kw.  For  0.75  sec-ft.  the  difference  is  $3.94 
per  kw.  The  difference  in  cost  increases  as  the  cost  of  the  steam 
supply  increases.  The  percent-deficiency  is  calculated  from  the 
percent-load  curve,  in  the  manner  explained  above. 

EXAMPLE  IV:  No  pondage.  Load  curve  of  Fig.  12.  Same  data  as 
Example  II  except  that  Ck  =»  •lOO  for  Qi  =  0.5/0.425  =  1.18  sec-ft. 
That  is,  the  cost  per  kilowatt  of  plant  capacity  is  taken  the  same, 

vix.  $100,  for  the  same  maximum  power. 

TABLE   X. 


1.  Flow  for  average  power,  Qm  X  /,  sec-ft 

2.  Flow  for  maximum  power,  Qm 

3.  Ratio  of  capacity,  Qm/l  .18,  « 

4.  Ratio  minimum/maximum- flow,  O.l/Qm 

5.  Steam  plant  capacity,  pc,  { 1 .  00  —  (4)  | 

6.  Per  cent-deficiency,  pg 

7.  $11.40  Xp. 

8.  %10  Xpc 

9  i4,  »  (7)  +  (8)  -  Steam  cost 

10.  Ak  *■  $15  kf      »  Hydraulic  cost 

11.  5  -  i4,  +  i4A    -  Total  Cost 

The  increment  to  be  added  to  line  (11)  for 

12.  Ck  -  $150  U 

18.  c  -  $15  is 

And  therefore  for 

14.  Ck  -  $100  :  c  -  $15,  5  is 

15.  Ck  -  $150  :  c  -     10.  5  is 

1$.  Ck  -  $160  :  c  -  $15,  5  is 


38.11 
45.66 
49.81 


30.50 
32.92 
37.50 


28.70 
29.48 
34.  18 
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Example  V  shows  the  effect  on  the  total  cost  of  a  different 
division  between  the  fixed  and  variable  portion  of  the  hydraulic 
cost.  The  tables  above  w^ere  based  on  a  division  of  67  and  33 
per  cent;  but  Table  XI,  for  the  same  data  as  Example  II,  as- 
sumes a  division  of  50  and  50  per  cent.  This  change  increases 
the  total  cost  for  flows  greater  than  the  assumed  basic  flow  of 
0.5  sec-ft.  and  diminishes  it  for  flows  less  than  0.5  sec-ft. 

EXAMPLE  V:  To  show  the  effect  of  different  ratios  of  fixed  to  variable 
cost  of  hydraulic  plant.     Data  of  Example  II,  but  assuming 

kr  =  0.5/r  -f-0.5 

This  change  does  not  in  any  way  affect  the  steam-reserve  costs  and  is 
independent  of  the  load  curve. 


TABLE  XI. 

1.  Qrt  sec-ft 

2.  Or/0.5  =  r 

3.  ifer  for  a  =  0.5 

4.  $15iferfora  =0.5 

6.  $16  ifer  for  a  =  0 .  67  (Table  VII) 

6.  Difference  (4)  —  (5) 

This  amount  is  to  be  added  to  the  costs  of 

Table  VII  for  Ch  =  $100. 

7.  For  Ch  =  $150,  there  is  to  be  added 

li-'t 


0.25 

0.50 

0.75 

1.00 

0.5 

1.0 

1.5 

2.0 

1.50 

1.00 

0.83 

0.75 

$22.50 

$15.00 

$12.40 

$11.25 

25.00 

15.00 

11.70 

10.00 

-2.50 

0.0 

0.70 

1.25 

-$3.66 

0 

$1.02 

1.84 

For   Qr  =  0.25,   and  all  flows  less  than  0.5,   the  difference   is 
negative,  to  be  subtracted. 

Example  VI  shows  the  eflEect  on  the  annual  cost  of  differences 
in  the  hydraulic  characteristics  of  the  stream;  it  gives  a  com- 
parison between  the  Potomac,  for  which  the  percent  deficiency 
curve  is  given  in  Fig.  7  and  the  Susquehanna,  as  applied  to  a 
load  of  64  per  cent  load-factor.  The  table  shows  that  the  costs 
for  the  Potomac  are  $1  to  $2  per  kilowatt  more  than  the  Sus- 
quehanna under  identical  conditions,  except  in  respect  to  stream 
flow. 


EXAMPLE  VI:  Conditions  of  Example  I.  Applied  to  the  Potomac,  as  in 
Fig.  7.  The  only  difference  is  that  for  any  given  flow  the  deficiency 
is  greater  for  the  Potomac,  which  means  more  energy  from  tb*^  steam 
])lant 
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TABLE   XII. 


1.  Qr sec-ft. 

2.  Percent-deficiency,     Susquehanna, 

(Pig.  6) 

3.  Percent-deficiency,  Potomac,  (Pig.7) 

4.  Difference  (3)  —  (2) 

5.  Difference  in  cost,  for  Pig.  9 


0.26 

2.7 
2.7 

0.6 

10.4 
16.6 

0.76 

18.1 
28.2 

1.00 

26.4 
37.8 

0 
0 

6.2 
$1.02 

10.1 
$1.67 

12.4 
$2.06 

That  is,  these  sums  added  to  all  the  cost  of  Table  VI  will  give  the  cost 
for  the  Potomac,  for  the  same  assumptions  of  costs  of  plant  and  operation. 

Example  VII  shows  the  method  of  calculating  the  cost  of 
providing  a  reserve  plant  down  to  different  assumed  conditions 
of  low  discharge.  The  rated  capacity  of  the  development  is 
taken  at  0.75  sec-ft.  and  the  total  annual  cost  for  a  steam 
plant  insuring  the  delivery  down  to  0.1,  0.25,  and  0.5  sec-ft. 
respectively  is  given.  This  brings  out  the  heavy  cost  of  the 
steam  reserve  for  the  last  few  per  cent  of  the  power  defi  ciency. 
A  difference  of  $3.10  per  kilowatt  between  the  cost  for  steam 
plant  down  to  0.25  sec-ft.  and  down  to  0.1  sec-ft.  means  a  cost  of 
3.1  cents  per  kw-hr.  for  the  energy  delivered  by  that  portion  of 
the  plant  necessary  to  insure  this  deficiency.  It  may  well  be 
that  the  penalties  incurred  by  failure  to  make  delivery  between 
these  limits  would  be  much  less  than  the  cost  of  insuring  it. 

EXAMPLE  VII:  Cost  to  provide  steam  reserve  for  various  assumed  mini- 
mum flows. 

Load-curve  of  Fig.  12:  with  pondage.     Development  for 

Qr  =  0.75  sec-ft. 
TABLE   XIII. 


1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 

9. 
10. 


Reserve  plant  down  to  flow  Qo  = 

Ratio,  Qo/0.76 

/».  (Fig.  6) 

pt  for  Q  =  0. 75  sec-ft 

Difference  (4)  —  (3) 

Pc,  (Fig.  12)  for  Qo  /0.75 

$11.40  X  (5)  =  

$10  Xpc  (line  6) 


i4t  »  Cost  of  steam  reserve,  (7)  -f  (8) 
Ak^  from  Table  VII 


0  1 
0.13 
0.00 
18.1 
18.1 
0.63 
$2.06 
6.30 


0.25 
0.33 
2.7 

15.5 
0.36 

$1.76 
3.50 


$9.36 
11.70 


11.     Total  A»  -h  Ak  =^  S. 


$5.26 
11.70 


0.6 
0.67 
10.4 

7.7 
0.17 
$0.88 
1.70 


$2.68 
11.70 


T 


$20,061$  16. 96 


$14.26 


Increased  cost  to  carry  reserve  down  to  0.1  from  0.25.  sec-ft.: — 

Difference  in  .4,  =-    $3.10 

Energy  supplied,  2.7  per  cent    X  3700  -  100  kw-hr. 

Cost  per  kw-hr.,  3. 10  cents. 
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These  examples  are  given  merely  to  illustrate  the  application 
of  the  method  to  different  conditions  of  stream-flow  and  load 
curves.  It  is  not  pretended  that  the  results  given  are  applicable 
generally  and  the  object  of  the  paper  is  not  to  give  conclusions 
but  simply  to  develop  a  method  of  handling  the  problem  and 
to  give  certain  illustrations  based  on  reasonable  data.  I  believe 
that  the  examples  shown  will  be  sufficient  to  enable  any  engineer 
to  follow  the  method  substituting  the  data  of  his  own  case  for 
those  given.  I  hope  also  that  I  have  taken  at  least  one  step 
toward  a  logical  method  of  procedure  for  the  solution  of  this 
problem. 
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THE  COST  OF  ELECTRICITY  AT  THE  SOURCE 


BY  H.  M.  HOBART 


Abstract  of  Paper 

The  Stott-Gorsuch  method  is  applied  to  the  determination 
of  the  cost  of  manufacturing  electricity  in  a  60-cycle  station 
of  100,000  kilowatts  installed  capacity.  The  results  correspond 
to  the  assumption  that  such  a  station  is  capable  of  delivering 
from  350.000,000  to  700,000,000  kelvins  per  annum  for  load 
factors  ranging  from  0.50  to  1.00.  For  unity  load  factor  the  cost 
of  three-phase  electricity  at  the  outgoing  cables  ranges  from  0.65 
cent  per  kelvin  with  coal  at  $5.00  per  ton,  down  to  a  matter  of 
0.20  cent  per  kelvin  for  fuel  of  ne|;ligible  cost.  A  method  is 
indicated  for  tracing  through  the  increase  in  the  cost  of  the 
electricity  at  later  stages  of  its  journey  from  the  source  to  the 
consumer. 


BY  THE  time  electricity  is  delivered  on  the  premises  of  small 
consimiers  such  considerable  costs  will  have  been  incurred 
that  the  price  admitting  of  anyprofit  can  rarely  be  less  than  some- 
where from  two  cents  to  eight  cents  per  kelvin^  The  original 
cost  of  manufacturing  in  bulk,  however,  is  a  far  less  amount. 
It  is  desirable  that  this  should  be  more  generally  realized,  as  it 
indicates  the  great  field  for  electricity  for  large  manufacturing 
enterprises  which  can  be  located  near  the  source  of  electricity  sup- 
ply. Under  favorable  conditions  electricity  can  be  manufactured 
in  bulk  at  a  cost  of  the  order  of  0.25  to  0.40  cent  per  kelvin. 

In  an  address  delivered  by  Ferranti'in  1910,  the  proposition 
was  formulated  that,  on  certain  assumptions,  a  station  equipped 
with  ten  25,000-kw.  generating  sets  could  be  built  at  a  total 
cost  of  £7  ($35)  per  kilowatt.  I  have  made  estimates  which 
indicate  $35  per  kilowatt  to  be  sufficient  for  a  100,000-kw.  station 
equipped  with  five  20,000-kw.,  1800-rev.  per  min.,  steam-turbine- 
driven,  three-phase  generators  and  all  the  machinery  required  in 
such  a  plant.  As  a  matter  of  interest  it  may  be  stated  that  the 
outlay  for  the  turbo-generators,  cables,  exciters  and  switchgearis 
covered  by  30  per  cent  of  this  $35  per  kilowatt.    (In  and  near  large 

1.  In  this  paper  the  term  kelvin  is  employed  instead  of  the  term  kilo- 
watt-hour. 

2.  Jour.  Inst.  Elec.  Engrs,,  Vol.  46,  pp.  6. 
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cities  this  sum  would  be  insufficient,  since  the  outlay  for  land 
and  buildings  would  then  usually  be  at  least  $10  per  kw.) 

The  following  estimate  for  the  cost  of  electricity  when  manu- 
factured in  such  a  station,  will  be  based  on  the  Stott-Gorsuch 
method,' in  accordance  with  which  the  total  cost  is  considered 
as  made  up  of  three  components.     These  three  components  are: 

1.  Production  Costs. 

2.  Investment  Costs. 

3.  Administration  Costs. 

I  shall  divide  the  Production  Costs  into  two  items,  A  and  B. 

Item  A*  relates  to  all  components  of  the  Production  Costs 
except  fuel.  Item  B  relates  to  the  cost  of  fuel.  While  A  will 
vary  by  a  small  amount  with  the  load  factor,  I  shall  neglect 
this  variation  and  take: 

Item  A  =  $700,000» 

Item  B:  In  estimating  the  annual  outlay  for  fuel  we  must 
first  have  data  for  the  over-all  efficiency  of  the  station.  From  an 
examination  of  the  thermal  efficiencies  of  turbo-generating  sets 
and  steam  raising  plant,  one  would  be  led  to  expect  over -all 
efficiencies  from  the  coal  to  the  outgoing  cables  ranging  from  at 
least  18  per  cent  for  imity  load  factor  down  to  at  least  16  per  cent 
for  a  load  factor  of  0.50.  But  reasoning  from  the  results  actually 
obtained  in  practise,  it  is  not  considered  that  it  would  be  con- 
servative to  take  values  higher  than  the  following: 

Load  Over-all 

factor  efficiency 


1.00 
0.75 
0.50 


15 

per 

cent 

14 

u 

« 

13 

tt 

u 

Assuming  the  maximum  load  from  our  100,000-kw.  station 
to  be  80,000  kw.,  the  annual  output  for  these  three  cases  is: 

Load  Annual  output  in 

factor  mega-kelvins. 


1.00  700 

0.76  625 

0.60  350 


3.  Trans.  A.  L  E.  E.,  Vol.  XXXII,   1913,  p.   1619. 

4.  Item  A  covers  wages,  repairs,  lubricants,  water,  supplies,  etc. 

5.  It  is  believed  that  an  analysis  will  show  this  value  to  be  reasonably 
representative  for  Item  A  and  that  in  so  far  as  it  errs  it  is  in  the  direction 
of  being  conservative.  It  will  cover  any  investment  costs  associated 
with  the  water  supply,  such  as  cooling  towers  when  required. 
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The  energy  in  the  coal  consumed  per  annum  amounts  to: 


Load 
factor 

1.00 
0.75 
0.50 


Mega-kelvins  of 
energy  in  the  coal 

4660. 
3750. 
2690. 


The  estimates  may  be  based  on  coal  with  a  calorific  value  of 
12,000  B.t.u.  per  poimd.« 

1  kelvin  equals  3411  B.t.u.  Consequently  each  (2000-lb.) 
ton  of  coal  contains 


12.000 
3411 


X  2000  =  7000  kelvins 


The  quantity  of  coal  biuned  per  annum  is  as  follows: 


Load 
factor 

1.00 
0.76 
0.50 


Quantity  of  coal 
burned  per  annum 

667,000  tons 
535,000    « 
384,000    * 


In  the  following  table  are  set  forth  the  outlays  for  fuel  on  the 
basis  of  50  cents  per  ton  and  $5  per  ton. 


Load 
factor 

Annual  Outlay  for  Fuel 

50  cents  per  ton 

$5  per  ton 

1.00 
0.76 
0.00 

$334,000 
268.000 
192.000 

$3,340,000 
2.680.000 
1.920.000 

The  above  amotmt  represents  Item  B,  the  fuel  component 
of  the  Production  Costs  per  annum.  We  have  already  stated 
that  for  the  remaining  component  of  the  Production  Costs,  (Item 
A),  we  shall  take  the  constant  value  of  $700,000. 

6.  The  results  of  this  investigation  are  presented  in  such  form  as  to 
permit  of  ready  modification  to  correspond  to  the  use  of  fuel  of  other 
calorific  values  than  12,000  B.t.u.  per  pound. 
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Adding  A  and  B  we  obtain  the  total  Production  Costs  set 
forth  in  the  following  table. 


Load  Factor 

Production  Costs  per  Annum. 

Fuel  at  50  cts.  per  ton 

Fuel  at  $5  per  ton 

1.00 
0.75 
0.50 

$1,034,000 
968.000 
892.000 

$4,040,000 
3.380.000 
2.620.000 

In  terms  of  cents  per  kelvin,  the  above  Production  Costs  are: 

Load  Factor 

Production  Costs  per  kelvin 

Coal  at  50  cts.  per  ton                 Coal  at  $5  per  ton 

1.00 
0.76 
0.50 

0.148  cent 
0.184     " 
0.254     " 

0.576  cent 
0.646    " 
0.750    " 

We  now  come  to  the  second  component  of  the  total  cost, 
namely  the  Investment  Costs.  At  $35  per  kilowatt  the  initial 
cost  of  the  100,000-kw.  station  is: 

$3,500,000. 

This  is  sufficient  to  cover  engineering  supervision  and  contin- 
gencies. 

On  the  basis  of: 

Interest 5.0  per  cent 

Rates,  taxes  and  insurance 3.0  per  cent 

Amortization 4.6  per  cent 

Total  annual  charges  on  investment^. . .    12.6  per  cent 

we  arrive  at  an  Investment  Cost  per  annum  of 

0.126  X  3,500,000  =  $441,000. 

In  terms  of  cents  per  kelvin  the  Investment  Costs  are: 

Load  Investment  costs 

factor  per  kelvin 

1.00  0.063  cent 

0.75  0.084     - 

0.50  0.126     « 

7.  For  other  capital  costs  per  kw.  and  for  other  rates  and  other  depre- 
ciation assumptions  the  corresponding  annual  investment  costs  are  readily 
deduced.  Those  adopted  in  this  investigation  would  appear  representative 
for  such  a  station. 
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As  to  the  final  item  in  the  total  cost,  namely  the  Administra- 
tion Costs,  let  us  distinctly  limit  this  item  to  the  bulk  manufac- 
ttiring  undertaking.  Let  the  marketing  of  the  electricity  be 
separately  handled  by  another  undertaking.  With  this  imder- 
standing,  an  allowance  of  $100,000  per  annum  is  reasonable 
for  the  Administration  Costs.  This  provides  for  an  adminis- 
trative organization  simply  concerning  itself  with  manufacturing 
the  electricity  and  delivering  it  at  the  outgoing  cables. 

Per  kelvin,  this  amounts  to: 


Load 
Factor 

1.00 
0.76 
0.60 


Administration  Costs 
per  kelvin 

0.014  cent 
0.019     * 
0.029     * 


The  Total  Costs  are  jirorked  out  in  the  following  table,  in  which 
Production  Costs  are  indicated  by  I,  Investment  Costs  by  II, 
and  Administration  Costs  by  III. 


Component  and  Total  Costs  in  Cents  per  kelvin 


Coal  at  50  cents  per  ton 

I  -  0 .  148  cent 
II  -0.063      •• 
III  -0.014 


Coal  at  $5  per  ton 


I  -  0.576  cent 
II  -0.063      " 
III  -0.014      " 


Total  -  0.225  cent 


Total  -  0.653  cent 


I  -  0.184  cent 
II  -0.084 
III  -  0.019      " 


I  -  0.645  cent 
II  -  0.084 
III  -  0.019      •• 


Total  -0.287  cent 


Total  -  0.748  cent 


I  -  0 .  254  cent 

II  -0.126      " 

III  -  0.029     " 


ToUl  -  0.409  cent 


I  -  0.750  cent 
II  -0.126      •• 
III -0.029      •• 


Total   -  0.905  cent 


These  total  costs  are  plotted  in  Fig.  1  with  cost  of  coal  as  ab- 
scissas.   They  are  plotted  in  Fig.  2  with  load  factors  as  abscissas. 

For  water  power  stations,  if  there  is  no  charge  for  the  water, 
^d  if  the  total  investment  can  be  kept  as  low  as  $35  per  kilo- 
watt, the  lowest  curve  in  Fig.  2,  (i.e.  the  curve  for  fuel  at  a  neg- 
ligible cost  per  ton)  may  be  taken  as  affording  a  fair  indication 
of  the  cost  of  electricity  at  the  source. 
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This  investigation  has  been  based  on  the  assumption  that  the 
electricity  delivered  from  the  station  is  of  unity  power  factor. 
For  lower  power  factors  the  total  cost  of  the  electricity  will  be 
higher.  Professor  Amo  of  Italy  has  devoted  a  great  deal  of 
study  to  the  influence  of  the  power  factor  on  the  cost  of  electricity 
and  has  arrived  at  the  conclusion  that  for  practical  purposes 
the  cost  may  be  taken  as  proportional  to  two-thirds  of  the 
true  output,  plus  one-third  of  the  apparent  output  {i.e.,  the 
true  output  divided  by  the  power  factor).  Thus  if  we  take  the 
case  of  oiu-  100,000-kw.  station  when  the  load  factor  is  0.50, 
we  have  seen  that  the  cost,  with  coal  at  50  cents  per  ton,  is 
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0,409  cents  per  kelvin  for  unity  power  factor.     If  the  load  is  of 
0.80  power  factor  the  cost  by  the  Amo  rule  will  be: 

(o.667  +  ^^  X  0.409  =  0.444  cent  per  kelvin 


Prof.  Amo's  rule  may  be  regarded  as  a  useful  approximation 
for  representative  conditions.  The  application  of  the  present 
method  of  analysis  to  outputs  of  different  power  factors  would 
show  that  no  such  simple  rule  would  suffi(^.  The  influence  of 
the  power  factor  would  for  instance  be  much  affected  by  the  ratio 
of  the  cost  of  fuel  to  the  total  costs,  and  would  be  different  with 
different  load  factors. 
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Indeed,  a  similar  general  criticism  applies  to  Mr.  Stott's  never- 
theless useful  approximate  rule  that  the  Production  Costs  may 
be  taken  as  inversely  proportional  to  the  f otirth  root  of  the  load 
factor.  There  may  be  wide  deviations  from  such  a  rule  occasioned 
by  extremes  in  cost  of  fuel  and  in  other  conditions. 

Furthermore  the  costs  which  we  have  worked  out  have  re- 
lated to  delivering  60-cycle  three-phase  electricity  at  the  pressure 
at  which  it  is  generated,  say  10,000  volts.  If  it  is  to  be  stepped 
up  to,  say,  M)0,000  volts,  to  be  transmitted  in  bulk  to  a  distance, 
then  the  cost  at  the  high-pressure  side  of  the  step-up  transfor- 
mers may  be  obtained  as  follows: 

Let  us  take  the  case  of  a  load  factor  of  0.50  and  coal  at  50 
cents  per  ton.  Let  the  power  factor  be  unity.  The  cost  under 
these  conditions  has  been  estimated  to  be  0.409  cent  per  kelvin. 
We  shall  require  to  provide  step-up  transformers  with  an  ag- 
gregate capacity  of  100,000  kw.  Their  cost  would  be  of  the  order 
of  $2.70  per  kilowatt, making  a  total  outlay  of  $270,000.  The 
annual  outlay  for  interest,  rates,  taxes, insurance,  amortization, 
repairs  and  attendance  may  be  taken  as 

0.15  X  270,000  =  $40,500. 

The  annual  output  from  the  station  when  the  load  factor  is 
0.50  has  already  been  estimated  to  be 

350  mega-kelvins. 

Taking  the  annual  over-all  efficiency  of  the  transformers  as 
97.5  per  cent,  the  output  from  the  transformers  is 

350  X  0.975  =  341 .5  kelvins. 

Therefore  the  step-up  transformer  costs,  per  kelvin  delivered 
from  them,  are 

4,050,000 


341,500,000 


=  0.012  cent 


The  total  cost  jxir  kelvin  delivered  from  the  step-up  transfor- 
mers is 

If?^  X  0.409 +  0.012  = 
o41 .5 

0.419  +  0.012  =  0.431  cent. 

Thus  the  cost  has  increased 5.  5  ^v  cent  by  the  time  the  pressure 
has  been  stepped  up.     This  paper  is  entitled  ''  The  Cost  of  Elec- 
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tricity  at  the  Source."  By  similar  processes,  however,  the  in- 
creases in  cost  can  be  traced  right  through  to  the  consumers' 
premises.*  But  the  reasoning  becomes  very  involved  when 
we  arrive  at  the  stages  where  the  electricity  is  no  longer  carried 
in  bulk.  At  these  stages  questions  relating  to  appraisements 
of  value,  diversity  factor,  ethics  and  commendable  sentiment 
render  it  impossible  to  arrive  at  any  precise  method  which  can  be 
conclusively  demonstrated  to  provide  for  equitably  distributing 
the  total  costs  amongst  the  various  consumers. 

8.  In  a  paper  entitled  ''  The  Relative  Costs  and  Operating  Efficiencies 
of  Polyphase  and  Single-Phase  Generating  and  Transmitting  Systems/* 
Hobart,  Trans.  A.  I.  E.  E.,  Vol.  XXXI,  1912,  p.  115,  the  author 
has  applied  this  method  of  studying  in  a  certain  case  the  growth  of  the  cost 
of  electricity,  commencing  with  the  outgoing  cables  from  the  generating 
station  and  concluding  with  the  cost  as  delivered  from  the  distant  sub- 
stations. 
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Discussion  on  "The  Cost  of  Elbctricity  at  the  Source" 
(Hobart),  New  York,  February  26,  1914. 

J.  W.  Lieb,  Jr  :  I  am  sure  that  tinder  the  conditions  obtaining 
in  our  larger  cities  the  figure  given  by  the  author,  of  $36  per  kilo- 
watt of  capacity,  will  not  cover  the  real  estate  and  buildings  of  a 
character  to  satisfy  local  conditions.  The  sum  of  $35,  even  if 
otherwise  adequate,  which  I  doubt,  would  allow  the  mefest  shell 
of  a  building  rather  than  such  a  structure  as  it  would  be  necessary 
to  provide  to  house  a  plant  of  the  capacity  indicated  by  the 
author. 

H.  R.  Summerhayes:  I  ask  Mr.  Hobart  how  many  days' 
coal  storage  is  provided  for  tmder  his  plan.  In  these  days  of 
coal  strikes  and  interruptions  to  transportation  it  seems  necessary 
to  provide  a  large  acreage  of  land  to  store  a  large  amotmt  of  coal. 
Su(di  a  station  ought  to  require  quite  a  large  area  for  that  pur- 
pose. 

H.  W.  Buck:  There  is  one  advantage  which  the  steam  plant 
has  in  this  comparison.  As  a  rule,  the  water  power  plant  is 
many  miles  from  the  point  at  which  the  power  is  applied,  and  the 
cost  of  transmission  lines,  substations,  etc.,  must  be  added.  On 
the  other  hand,  the  steam  plant,  as  a  nde,  can  be  located  prac- 
tically at  will,  and  as  near  as  possible  to  the  center  of  load.  This 
also  applies  to  operating  costs  on  the  transmission  system,  which 
the  steam  plant  will  not  have  to  so  great  an  extent. 

Ftederick  A.  Scheffler:  I  hope  that  the  author  of  this  paper 
will  be  more  specific  in  giving  us  exact  data  as  to  how  he  arrives 
at  $35  per  kilowatt  for  the  cost  of  constructing  a  complete 
100,000-kw.  station. 

I  would  like  to  know  what  size  boiler  imits  he  proposes  to  use, 
whether  he  will  use  steam  turbines,  and  if  so,  what  size  units, 
working  steam  pressure,  superheaters,  if  any,  and  degree  of  super- 
heat, at  what  rating  the  boilers  will  be  operated  and  what  kind 
of  stokers  will  be  used,  whether  under-feed  or  otherwise,  and 
whether  the  cost  covers  economizers. 

I  have  in  mind  a  plant  which  is  being  constructed  in  the  West 
at  the  present  time,  of  an  ultimate  capacity  of  120,000  kw.  The 
company  which  is  building  this  plant  feels  that  if  it  can  construct 
the  station,  using  six  20,000-kw.  turbines  and  twelve  2400-h.p. 
(nominal  rating)  boiler  tmits,  with  superheaters  for  200  deg., 
and  operating  the  boilers  at  200  per  cent  of  rating  when  neces- 
sary, and  the  cost  does  not  exceed  $55  per  kilowatt  complete,  it 
will  have  a  very  reasonable  and  inexpensive  station,  considering 
its  construction,  which  is  to  be  of  the  very  best  throughout. 

H.  L.  Wallau:  I  have  only  one  criticism  to  make  of  this 
paper,  and  that  is  the  figure  of  $35  per  kilowatt.  That  figure 
has  been  qualified  in  this  discussion,  and  it  has  been 
qualified  as  presented  by  Mr.  Hobart.  However,  in  a  city 
such  as  Cleveland  is,  the  tendency  will  be  for  the  engineers  of 
the  municipality  to  say,  just  as  soon  as  a  figure  of  $35  per  kilo- 
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watt  is  published  in  an  Institute  paper,  that  it  must  be  pretty 
close  to  the  actual  cost.  Apparently  the  way  they  figure  cost  in 
Cleveland  in  a  municipal  tmdertaking,  is  to  take  the  figures,  for 
instance,  published  in  the  Institute  Proceedings  for  a  300,000- 
kw.  plant,  and  say,  **  If  they  can  do  that  in  a  300,000-kw.  plant 
we  ought  to  be  able  to  do  practically  that  in  our  15,000-kw. 
plant'',  and  as  a  result  they  have  published  a  schedule  of  rates, 
with  a  maximum  rate  of  three  cents  and  a  minimum  rate  of  one 
cent .  I  believe  on  last  Tuesday  they  got  ready  to  pass  a  maximum 
rate  ordinance  of  three  cents,  to  which  they  expect  us  to  conform. 
I  think  for  these  reasons,  when  a  statement  is  made,  and  a  figure 
is  published,  that  it  should  be  carefully  qualified,  because  the 
tendency  towards  municipal  ownership  is  growing  rapidly  in 
this  country,  and  the  analysts  are,  I  believe,  making  some  very 
grave  errors  in  their  calculations. 

H.  B.  Alverson:  The  load  factors  given  are  too  high  for  the 
usual  existing  conditions,  and  while  it  may  not  be  the  intention 
in  the  paper  to  give  exact  figures,  I  believe  the  load  factor  which 
will  occtir  in  practise  will  be  nearer  to  35  or  40  per  cent  than  to 
50  per  cent.  In  such  cases  the  cost  per  kilowatt-hour  would  rise 
somewhat  higher  in  proportion  than  the  figures  given.  Without 
going  into  the  calculation  of  the  proportion  of  costs  based  on  the 
load  factor,  I  think  the  average  experience  is  that  it  is  very  much 
higher  than  that  which  is  given  in  the  paper. 

O.  K.  Harlan;  Regarding  the  matter  of  depreciation,  it  might 
be  of  interest  to  note  that  a  few  weeks  ago,  before  the  American 
Society  of  Heating  and  Ventilating  Engineers,  a  paper  was  pre- 
sented giving  something  of  the  life  history  of  quite  a  ntunber  of 
the  old  electric  lighting  steam-driven  plants  in  this  city,  and 
the  matter  of  depreciation  was  dealt  with  in  that  paper.  It 
traces  the  history  of  the  very  earliest  installations,  including  the 
first  steam-driven  electric  dynamos  which  were  operated  in  the 
city.  One  of  the  old  ones  is  in  the  Mills  building,  and  a  number 
of  others  are  down-town,  near  it.  The  depreciation  was  shown 
to  be  quite  a  variable  factor;  of  course,  some  generators  will 
deteriorate  faster  than  others,  and  the  matter  of  economy  and 
efficiency  is  quite  an  item  also;  that  is  to  say,  some  of  the  more 
recent  generators  may  be  of  so  much  higher  efficiency  that  it  is 
worth  while  to  discard  a  really  good  working  machine  in  order  to 
put  in  a  more  modem  machine  of  higher  eflSciency.  However, 
this  paper  shows  that  a  number  of  these  earlier  plants  have  had  a 
useful  life  of  twenty  years;  some  are  really  working  today,  which 
were  installed  twenty  years  ago — but  the  matter  of  depreciation, 
while  it  is  a  very  interesting  subject,  is  really  somewhat  intricate, 
and  there  are  a  good  many  factors  entering  into  the  final  decision. 

H.  C.  Abell:  If  Mr.  Hobart  means  the  $35  to  cover  the  cost 
of  machinery,  water  facilities  for  a  plant  of  that  size,  storage 
requirements,  working  capital,  supplies,  cost  of  financing  the 
tmdertaking,  and  all  the  incidental  expense,  I  think  unquestion- 
ably he  used  the  wrong  multiplying  factor  to  arrive  at  the  figure 
given,  which  I  consider  too  low. 
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Another  thing  which  attracts  one's  attention  is  the  five  per 
cent  interest  figure  used  by  Mr.  Hobart.  I  do  not  know  of  any 
money  source  which  could  be  induced  to  provide  funds  for  a 
power-generating  plant  on  a  five  per  cent  basis. 

I  suppose  amortization  placed  at  4.6  per  cent  is  a  depreciation 
fundy  for  a  power  plant  is  usually  not  amortized,  but  is  a  con- 
tinuous business  where  the  owners  have  to  provide  funds  con- 
tinuously for  new  construction  after  the  plant  once  starts. 
Amortization  is  entirely  different  from  depreciation ;  the  two  terms 
should  not  be  confounded. 

A.  H«  Bjiiesi:  With  regard  to  depreciation,  I  believe  obsoles- 
cence often  cuts  a  much  larger  figure  than  depreciation  due  to 
wear  and  tear.  I  am  associated  with  a  large  steam-turbine 
power  plant  built  eleven  years  ago.  The  stokers  and  their 
auxiliary  equipment  are  now  being  scrapped  because  they  are 
obsolete,  though  not  worn-out.  A  ntunber  of  boilers  installed 
seven  years  ago  are  also  being  scrapped  because  they  are  of  a  type 
no  longer  manufactured  and  the  allowable  working  pressure  has 
been  r^uced,  so  that  they  have  become  unsuitable  to  their  pur- 
pose. The  entire  switclung  equipment  is  being  replaced  after 
eleven  years'  use  because  the  plant  has  grown  and  it  is  no  longer 
adequate  for  the  amount  of  power  behind  it.  I  agree  with  the 
criticism  of  Mr.  Hobart*s  paper,  on  the  score  of  his  capital  cost 
charges.  I  do  not  see  how  they  could  possibly  be  figured  at  less 
than  15  per  cent. 

V.  Karapetoff :  Mr.  Hobart's  paper  has  been  criticised  on 
account  of  the  specific  numerical  data  given  in  it.  I  know  from 
certain  experiences  in  court  testimony  that  outsiders  are  only  too 
liable  to  ascribe  to  the  Institute  any  data  published  in  its  Pro- 
ceedings, in  spite  of  the  well-known  fact  that  the  Institute  is  not 
responsible  for  opinions  expressed  by  its  individual  members. 
To  me,  personally,  Mr.  Hobart's  paper  is  exceedingly  interesting 
and  instructive  in  giving  a  concrete  method  of  calculation.  If 
he  had  chosen  to  use  letters,  instead  of  numerical  values,  I  am 
afraid  the  paper  would  be  exceedingly  difficult  to  follow,  but  then 
it  would  have  been  of  greater  general  interest,  as  any  one  could 
substitute  numerical  values  for  his  particular  problem  and  the 
above  criticism  would  be  obviated. 

I  was  surprised  at  the  statement  that  the  outlay  for  the  turbo- 
generators, cables,  exciters,  switch  gear,  etc.,  amounts  to  only 
30  per  cent  of  the  total  cost  of  the  generating  station.  It  seems 
to  me  that  engineers  in  this  coimtry  ought  to  be  more  interested 
in  the  Thury  system  of  generation,  which,  so  far,  has  been  mainly 
applied  to  hydroelectric  stations,  but  lately  was  chosen  in  London 
for  underground  distribution  from  a  steam  plant.  The  principal 
advantage  of  the  Thury  system  is  that  not  only  the  cables  them- 
selves cost  much  less,  but  also  the  generating  station  is  lower  in 
cost;  while  the  generators  themselves  are  more  expensive,  the 
cost  of  auxiliary  apparatus  is  much  lower.  If  one  goes  into  a 
station  like  the  Northwestern  station  in  Chicago,  it  is  the  auxil- 
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iaries  which  strike  one's  eye,  and  it  is  the  auxiliaries  which  occupy 
the  most  room  and  apparently  seem  to  cost  the  most. 

G.  L.  Knight  (by  letter) :  The  author  of  this  paper  states  that 
a  100,000-kw.  steam  station,  consisting  of  five  20,000-kw., 
60-cycle,  1800-rev.  per  min.,  three-phase  turbo-generators, 
together  with  all  the  apparatus,  both  steam  and  electric,  required 
for  the  operation  of  such  a  plant,  can  be  built  in  this  cotmtry 
for  an  over-all  charge  of  $35  per  kilowatt. 

This  paper,  being  presented  before  the  A.  I.  E.  E.,  presupposes 
in  the  absence  of  contrary  statement  that  the  figures  given 
represent  American  practise,  but  in  replying  to  the  discussion 
on  his  paper  in  the  meeting  of  February  26,  Mr.  Hobart  defended 
his  estimate  by  the  following  figures  taken  from  estimates  of 
plants  constructed  in  England: 

Turbo-generators,  including  exciters  and  switch 

gear $10 .  50  per  kw. 

Steam  raising  plant 8. 50    "     ** 

Condensing  equipment 5.00    "     ** 

Building 8.00    "     • 


$32.00  per  kw. 

This  leaves  only  $3.00  for  the  rest  of  the  charges,  which  must 
include  land,  general  engineering  and  construction  expense  other 
than  that  included  in  the  items  as  given,  also  all  overhead  charges 
during  the  construction  period. 

In  place  of  the  figures  set  down  by  Mr.  Hobart,  I  would  give 
the  following  as  minimum  values,  and  while  they  will  vary  greatly 
according  to  the  conditions  a  plant  must  meet,  the  total  cost  per 
kilowatt  will  be  often  much  nearer  $75.00  than  the  figure  given. 

Building $10.00 

Turbo-generators,  including  exciters.     $12 .  50 
Switch  gear 3 .00 

15.50 

Steam  plant 

Boilers 6.00 

Stokers 2 .  50 

Flues  and  piping 2  .CO 

Coal  and  ash  handling  equipment         1 .  50 

12.00 

Condensing  equipment 

Condensers  and  pumps 3.00 

Condensing  tunnels 2.00 

5.00 

Engineering,    drawings,    supervision  42.50 

and  other  overhead  expenses,  15 

per  cent 6 .  35 

Allowance  for  piecemeal  construction 

and  contingencies,  15  per  cent 6 .36 

$55.20 
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To  those  of  us  in  the  employ  of  public  service  companies  this 
paper  seems  at  least  ill-advised.  Regulating  bodies  and  the 
advocates  of  municipal  ownership  are  constantly  challenging  otu* 
capital  costs,  and  when  a  company's  books  show  a  cost  of  $50 
to  $75  per  kilowatt  for  a  new  plant  (and  older  ones  will  be  even 
higher),  papers  such  as  this  are  quoted  in  attempts  to  prove  such 
costs  excessive. 

In  such  cases  it  is  assumed,  by  those  who  do  not  know  the 
Institute  rule,  that  having  accepted  such  a  paper  for  presentation 
at  a  meeting,  the  Institute  must  have  passed  on  it  as  being  rea- 
sonable. 

I  think  Mr.  Hobart  should  have  stated  that  his  whole  case 
rested  on  English  figures,  and  I  am  inclined  to  believe  that  even 
in  England  no  plant  has  ever  been  completed  which,  when  all 
charges  were  accounted  for,  came  within  his  figure  at  $35  per 
kilowatt. 

Frederick  G.  Strong  (by  letter):  Permit  me  to  say  a  word 
in  behalf  of  our  water  powers;  they  seem  to  have  very  few  friends 
among  those  who  have  discussed  Mr.  Hobart's  paper. 

I  remember  a  paper  by  Dr.  Emory,  in  which  the  general 
statement  was  made  that  where  the  cost  of  water  power  develop- 
ment exceeded  $150  per  horse  power  a  steam-driven  plant 
would  be  advisable  where  good  coal  could  be  obtained  at  about 
$4  per  ton.  We  have  heard,  periodically,  that  a  slight  increase  in 
efficiency  or  a  slight  decrease  in  the  cost  of  steam-driven  machin- 
ery, would  cause  the  water  powers  to  be  abandoned,  or  left 
undeveloped. 

We  have  seen  a  marked  increase  in  steam  efficiency  in  the  past 
ten  years  and  a  marked  decrease  in  cost  per  kilowatt,  due  to 
increased  size  of  units  and  increased  speed  and  activity  of  ma- 
terial, but  the  water  powers  are  still  in  use.  None  have  been 
abandoned,  and  plans  are  being  formulated  for  the  development 
of  many  more. 

The  theory  that  water  powers  should  be  abandoned,  or  left 
undeveloped  when  they  show  a  greater  cost  than  equivalent 
steam-driven  stations,  does  not  seem  correct,  and  I  believe  the 
time  is  not  far  distant  when  we  will  develop  every  available  water 
power,  to  the  end  that  the  coal  supply  may  be  conserved  as  much 
as  possible. 

Undoubtedly  the  water  powers  at  Holyoke,  and  Lowell,  and 
Lawrence,  and  Manchester  have  cost  far  more  than  equivalent 
steam  power,  but  if  those  investments  were  annihilated,  does 
any  one  believe    that  the  power  would  be  left    undeveloped? 

In  the  energy  of  falling  water  Nature  has  not  by  any  means 
given  us  something  for  nothing,  but  it  is  doubtful  if  we  may 
expect  a  nearer  approach. 

H.  M.  Hobart  (by  letter) :  I  shall  deal  with  the  contributions 
to  the  discussion  of  my  paper  in  the  order  in  which  they  were 
made. 

As  to  the  first  comments  which  were  made  by  Mr.  Lieb,  it 
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would  appear  that  his  intention  is  to  supplement  my  paper  and 
emphasize  the  importance  that  it  should  not  be  construed  as 
applying  to  stations  located  in  or  near  large  cities.  It  was  deariy 
shown  in  my  paper  that  I  referred  to  a  station  located  with 
especial  reference  to  low  cost  of  land,  abtmdance  of  circulating 
water  and  low  price  for  fuel.  This  necessarily  locates  the  station 
at  some  situation  where  architectural  effect  is  absolutely  out  of 
place.  In  the  recent  report  made  to  the  London  County  Coun- 
cil by  Messrs.  Merz  and  McLellan,  it  is  pointed  out  that  in  mod- 
em plants  "  the  power  house  tends  more  and  more  to  become  a 
metal  structure  for  housing  the  machinery  rather  than  an  actual 
building  in  the  usual  sense."  The  savings  which  can  be  effected 
under  the  conditions  which  I  describe  for  my  plant  are  inapplica- 
ble to  a  power  house  located  in  oiu*  larger  cities,  and  I  am  glad 
that  Mr.  Lieb  took  the  occasion  to  emphasize  this  point.  Fur- 
thermore, in  city  plants  supplying  electricity  for  all  sorts  of  ptir- 
poses  to  a  large  community  there  must  be  large  investments  for 
duplicate  switch  equipments  and  for  supplying  large  numbers  of 
feeders.  This  inevitably  runs  up  the  cost,  as  it  does  also  the 
need  for  economizers,  which  are  justifiable  under  these  circum- 
stances, since  the  price  of  fuel  is  relatively  high.  It  was  expressly 
stated  in  my  paper  that  no  outlay  for  transformers  was  included, 
and  further,  that  the  estimates  related  to  60-cycle  generating 
sets.  These  sets  were  only  five  in  number,  of  the  most  modem 
type,  and  were  for  a  rated  speed  of  1800  rev.  per  min.  In  city 
stations  it  is  often  necessary  to  supply,  not  only  60-cycle 
electricity,  but  also  25-cycle  electricity,  and  fiu*thermore,  the 
stations  will  usually  be  found  to  be  equipped  with  more  than  one 
size  of  generator.  Moreover,  the  average  rating  of  all  the  genera- 
tors in  the  station  is  usually  much  below  that  of  the  20,000-kv-a. 
units  on  which  I  based  my  estimates,  and  they  are  driven  at 
lower  speeds,  as  a  consequence  of  which  they  are  larger,  more 
expensive  in  first  cost,  more  wasteful  of  fuel,  and  a  greater 
outlay  is  required  for  the  attendance  upon  them.  When  a  given 
aggregate  output  is  delivered  from  ten  small  imits,  as  against 
five  large  imits,  the  outlay  for  wages  in  the  station  is  decidedly 
greater.  Mr.  Lieb  considers  that  the  real  estate  and  buildings 
for  a  station  in  our  larger  cities  would  not  be  covered  by  $35  per 
kilowatt  of  capacity.  Taking  it  at  $40,  and  including  an  appro- 
priate allowance  for  the  increased  outlay  for  switch  gear  and  for 
economizers  and  transformers,  then,  with  an  allowance  for  en- 
gineering and  contingencies  amoimting  to  10  per  cent  of  the  total, 
we  arrive  at  over  twice  the  capital  outlay  per  kilowatt  installed 
that  would  have  been  necessary  on  the  same  scale  of  prices  for 
a  station  complying  with  the  conditions  set  forth  in  my  paper. 

In  the  matter  of  Mr.  Stunmerhayes's  suggestion  that  in  these 
days  of  coal  strikes  and  interruptions  to  transportation,  it  seems 
necessary  to  provide  a  large  acreage  of  land  to  store  a  large 
amotmt  of  coal,  I  would  point  out  that  with  such  locations  as 
that  clearly  contemplated  in  my  paper,  the  land  could  not  rea- 
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sonably  be  taken  as  costing  more  than  $200  per  acre.  On  this 
basis,  the  outlay  for  a  site  of  50  acres  would  only  amount  to 
$10,000,  which  is  less  than  three-tenths  of  one  per  cent  of  the 
total  capital  outlay  for  this  100,000-kw.  generating  station. 
Mr.  Suimnerhayes  evidently  also  had  in  mind  the  conditions  in 
large  cities,  far  away  from  the  mines,  and  I  quite  agree  with  him 
that  under  these  conditions  the  point  which  he  mentions  would 
be  one  requiring  careful  attention. 

I  fully  agree  with  the  point  which  Mr.  Buck  makes  that  the 
steam  plant  has  the  advantage  over  the  waterpower  plant,  that 
it  may  sometimes  be  located  quite  near  to  the  center  of  the  load, 
thus  minimizing  the  costs  in  transmitting  the  electricity  to  the 
customers.  However,  I  dealt  with  **  The  Cost  of  Electricity 
at  the  Source  "  and  pointed  out  that  by  locating  a  generating 
station  where  the  conditions  as  regards  fuel  and  water  supply  and 
cost  of  land  are  favorable,  electricity  can  be  manufactured  for  a 
low  price  and  that  industries,  the  cost  of  whose  product 
depends  largely  on  the  outlay  for  electricity,  would  be  well 
advised  to  realize  and  take  advantage  of  such  possibilities. 

I  am  pleased  to  be  able  to  comply  with  Mr.  ScheflQer's  request 
for  more  specific  data  as  to  how  I  arrive  at  the  cost  of  the  com- 
plete 100,000-kw.  station.  This  is  set  forth  in  the  following 
table: 

Five  20.000-kw. 
units 

I — Turbo-generators,  exciters,  cables  and  switch  gear,  but  exclusive 

of  step-up  transformers f  10 .  50 

II — Boilers,  superheaters,  furnaces, and  stokers. but  exclusive  of  econo- 

misers,  pumps  and  piping 0 .  00 

III — Condensers,  exclusive  of  pumps,  piping  and  tunnels 2 .  50 

IV — Pumps,  piping,  tunnels,  valves  and  traps 1 .  50 

V — Land    and    all    buildings    and  structures,  including  machinery 

foundations,  stacks,  bunkers  and  conveyers 8 .  00 

VI — Engineering  and  contingencies  (10  per  cent) 3 .  50 

Total  cost  per  kilowatt 135.00 

Mr.  Wallau  also  points  out  how  important  it  is  that  the  condi- 
tions under  which  such  figures  can  be  reached  should  be  clearly 
stated.  I  welcome  Mr.  Wallau*s  assistance  in  helping  me  to 
point  out  the  distinction  between  plants  of  the  size  and  character 
which  I  am  discussing  in  the  paper,  and  such  relatively  small 
plants  as  those  to  which  he  refers. 

Regarding  Mr.  Alverson's  comments,  I  show  in  the  curves  in 
Pig.  2,  on  page  396,  the  cost  of  electricity  for  all  load  factors 
down  to  0.30.  It  may,  however,  be  of  interest  to  point  out  that 
the  application  of  electricity  to  chemical  and  certain  other  in- 
dustries often  permits  of  much  higher  load  factors  than  have, 
until  recently,  been  at  all  customary,  and  that  decided  commer- 
cial importance  attaches  to  a  knowledge  of  the  costs  under  such 
conditions  of  high  load  factor.  Such  applications  are  usually 
only  practicable  when  the  cost  of  electricity  is  very  low,  and  in  the 
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near  future  we  shall  certainly  see  such  industries  purposely  lo- 
cated where  conditions  are  favorable  as  regards  plentifulness 
of  water  and  low  cost  of  fuel  and  land. 

Mr.  Harlan  makes  some  interesting  suggestions.  He  calls 
attention  to  20  years  as  a  reasonable  life  for  electrical  machinery 
in  many  cases.  My  figures  for  the  investment  cost  are  based  on 
an  equivalent  life  of  15  years. 

The  next  two  contributors  to  the  discussion  of  my  paper  were 
Messrs.  Abell  and  Kruesi.  It  is  the  opinion  of  both  of  these 
gentlemen  that  my  investment  costs  are  a  little  too  low,  Mr. 
Abeirs  criticism  being  that  fimds  can  rarely  be  obtained  for  a 
power  generating  plant  at  so  low  a  rate  of  interest  as  five  per 
cent,  and  Mr.  Kruesi  emphasizing  the  importance  of  the  ot^- 
lescence  factor.  All  engineers  realize  the  difficulty  of  equitably 
assessing  the  investment  costs,  owing  to  the  impossibility  of 
predetermining  the  obsolescence  factor  and  the  great  difference 
in  the  financial  standing  of  companies  embarking  upon  electricity 
supply  enterprises.  I  believe  that  the  figures  on  which  I  have 
based  the  annual  investment  charges  are  representative  for  the 
case  imder  discussion,  but  it  is  obviously  important  to  apply  a 
safety  factor  which  should  be  inversely  proportional  to  the 
financial  standing  of  the  companies. 

I  am  interested  in  Prof.  Karapetoff  *s  suggestion  that  my  paper 
would  have  been  of  greater  general  interest  had  I  chosen  to  em- 
ploy letters  instead  of  numerical  values.  My  own  experience  is, 
however,  that  the  paper  would  not  have  attracted  attention. 
It  is  my  experience  that  papers  rarely  fulfil  any  useful  mission 
unless  they  stimulate  discussion. 

Mr.  Knight  puts  forward  an  interesting  alternative  estimate, 
regarding  which  I  should  like  to  offer  the  following  comments. 
For  "  turbo-generators,  including  exciters,*'  Mr.  Knight  allows 
$12.50  per  kilowatt.  For  **  turbo-generators,  exciters,  cables, 
and  switch  gear  "  I  gave  the  figure  of  $10.50  per  kilowatt.  For  a 
city  station  with  its  more  elaborate  provision  for  switch  gear  and 
its  large  number  of  feeders,  the  equivalent  allowance  would  be 
$11.50  per  kilowatt  were  five  20,000-kw.,  60-cycle,  1800-rev. 
per  min.,  tmity  power  factor  turbo-generators  to  constitute 
the  equipment.  If  we  turn  to  Fig.  17  in  Messrs.  Stott,  Pigott  and 
Gorsuch*s  paper*  entitled  Present  Status  of  Prime  Movers  ^  pre- 
sented at  the  Detroit  Convention,  Jime,  1914,  we  find  $7.50  per 
kilowatt  taken  as  the  "  average  '*  cost  of  a  20,000-kw.,  60-cycle, 
1800-rev.  per  min.  turbo-generator.  This  wotild  seem  to  indicate 
that  my  figures  are  conservative  for  large  plants  favorably  located. 

As  regards  the  other  items,  Mr.  Knight's  estimates  do  not  differ 
materially  from  my  own,  except  that  he  allows  30  per  cent  for 
"engineering,  drawings,  supervision  and  other  overhead  expenses, 
piece-meal  construction  and  contingencies  "  as  against  my  allow- 
ance of  10  per  cent  for  "  engineering  and  contingencies."  I 
quite  agree  that  such  items  may  nm  up  to  large  values  and  that 
for  each  case  they  must  be  separately  considered. 

*See  Part  II  of  this  volume  of  Transactions. 
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The  last  contribution  to  the  discussion  is  by  Mr.  Strong  and  is 
to  the  effect  that  waterpower  should — and  will — be  developed 
irrespective  of  the  relative  capital  and  operating  costs  of  the  in- 
vestmenty  as  compared  with  the  equivalent  undertaking  em- 
ploying turbo-driven  generators.  One  of  the  objects  which  I 
had  in  view  in  writing  my  paper  was  to  call  attention  to  the  lia- 
bility of  misapplication  of  capital.  Large  amoimts  are  often 
invested  in  waterpower  developments  nmning  much  above  $100 
per  kilowatt  installed  and  in  some  of  these  cases  it  could  be  demon- 
strated that  the  greater  capital  charges  more  than  offset  the 
elimination  of  fuel  costs.  Often  a  steam-turbine  station  at  a  favor- 
able site  would  represent  a  better  investment.  But  there  is 
the  liability  that  any  consideration  of  a  steam-turbine  station 
will  be  dismissed  after  very  superficial  calculations,  in  the  mis- 
taken belief  that  the  investment  for  the  steam  station  will 
necessarily  be  excessive.  Fifteen  years  ago  (before  the  advent 
of  the  steam  turbine)  the  case  was  much  more  favorable  for 
waterpower  as  compared  with  steam. 

It  is  equally  desirable  to  call  attention  to  the  related  danger 
that  the  high  efficiency  of  the  internal  combustion  engine  will 
attract  capital,  notwithstanding  that  the  generating  sets  alone 
will  cost  at  least  $60  per  kilowatt  and  even  the  fuel  cost  will  be 
as  great  with  the  internal-combustion  engine  as  with  the  steam 
turbine  with  oil  at  2|  cents  per  gallon  and  coal  at  $3.00  per  ton.* 
The  outlay  for  attendance,  lubrication,  and  repairs  will  be  much 
greater  with  the  internal  combustion  installation.  The  mis- 
direction of  capital  in  this  way  would  be  checked  by  the  more 
general  realization  of  the  low  investment  cost  associated  with 
steam  turbines. 

In  conclusion  I  should  like  to  take  the  opportunity  to  discuss 
briefly  the  factors  which  have  contributed  to  the  rapid  progress 
which  has  been  made  toward  decreased  cost  of  electricity. 
There  has  been  of  recent  years  rapid  progress  in  the  direction  of 
increased  efficiency  of  prime  movers.  This  has  been  accelerated 
by  the  use  of  individual  sets  of  very  large  capacity.  Not  only 
have  these  sets  relatively  high  efficiencies,  but  the  investment 
cost  per  kilowatt  is  relatively  low.  It  is  well  known  that  the 
steam  constunption  of  modem  steam  tubines  is  much  less  than 
ten  years  ago,  consequently  a  given  capacity  of  steam  raising  and 
condensing  plant  will  now  provide  steam  for  a  station  of  much 
greater  capacity  than  formerly.  The  methods  of  firing  steam 
!>oilers  have  simultaneously  undergone  radical  changes,  so  that 
n  addition  to  the  lower  investment  cost,  due  to  the  decreased 
:otal  capacity  of  steam  raising  plant  required,  there  is  the  fur- 
ther investment  gain  due  to  the  more  intense  utilization  of  the 
>lant.  In  view  of  these  considerations,  there  will  be  no  difficulty 
XI  realizing  that  a  given  outlay  for  buildings  and  machinery  will 

*This  is  explained  in  my  paper  entitled  "The  Cost  of  Manufacturing 
Electricity",  page  617  of  the  General  Electric  Review  for  September,  1913. 
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be  adequate  for  delivering  much  more  electricity  per  annum  than 
formerly. 

At  the  same  time  it  must  be  recognized  that  in  and  near  large 
cities  there  has  been  a  coimteracting  tendency  to  require  much 
finer  buildings  with  much  greater  attention  to  architectural 
effect,  and  since,  as  Mr.  Lieb  has  pointed  out,  the  cost  of  land  and 
buildings  may  easily  be  the  largest  item  for  such  undertakings, 
any  lower  investment  cost  per  kilowatt  for  machinery  permits  of 
a  much  less  percentage  decrease  in  the  total  cost  than  is  obtained 
in  the  case  of  such  plants  as  those  to  which  my  paper  had  specific 
reference.  My  paper  dealt  exclusively  with  plants  of  enormous 
capacity  (in  this  case  100,000  kw.)  located  under  such  conditions 
that  the  outlay  for  machinery  constitutes  much  the  largest  item. 
Under  such  circumstances  the  contrast  between  a  modem  plant 
equipped  with  machinery  purchased  at  modem  prices  and  the 
best  plant  which  could  be  put  down  ten  years  ago  and  which 
would  be  of  much  smaller  total  capacity,  owing  to  the  then 
relatively  small  demand  for  electricity,  is  marked. 

It  should,  in  conclusion,  again  be  emphasized  strongly  that 
my  estimates  do  not  apply  to  plants  located  in  or  near  large 
cities.  On  the  first  page  of  my  paper  I  called  attention  to  "the 
great  field  for  electricity  for  large  manufacturing  enterprises 
which  can  be  located  near  the  source  of  electricity  supply." 
I  expressly  stated  that  my  costs  applied  to  the  manufacture  of 
electricity  "  in  bulk  "  and  "  under  favorable  conditions  "  and  I 
was  very  precise  in  pointing  out  that  my  costs  did  not  apply  to 
electricity  manufactured  in  and  near  large  cities. 
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DISTRIBUTION  OF  ELECTRICAL  ENERGY 

RBPORT    OF   SUB-COMMITTEE    ON    DISTRIBUTION 


P.  JUNRERSPELD,  CHAIRMAN 


IN  THIS  report  your  committee  has  submitted  an  outline 
of  what  it  believes  to  be  good  engineering  practise  in 
the  distribution  of  electrical  energy  for  various  purposes  and 
under  various  conditions,  which  outline  it  is  hoped  will 
encotuage  and  direct  further  attention  to  this  vitally  important 
matter. 

The  distribution  of  electrical  energy  in  a  given  area,  like  the 
distribution  of  any  raw  or  manufactured  product,  any  com- 
modity or  utility,  depends  fundamentally  upon  the  density 
or  number  of  points  of  consumption  or  of  use  within  the  par- 
ticular area.  Other  things  being  equal,  any  given  method  of 
distributing  electrical  energy  should  afford  better  results,  re- 
liability and  economy,  in  the  denser  of  two  equal  areas. 

In  practise,  aU  other  conditions,  as  well  as  areas,  vary  widely, 
because  electrical  energy  is  used  for  so  many  different  purposes 
and  in  such  rapidly  increasing  quantities.  Electrical  energy 
shotdd  be  distributed  in  such  form  and  at  such  voltage  as  will 
produce  the  best  final  result,  all  things  considered,  and  each 
given  proper  weight.  A  full  consideration  of  best  final  result 
immediately  involves  economic  questions  beyond  the  limits 
of  this  report,  including  the  generation  of  electrical  energy  for 
practically  every  purpose  by  interconnected  power  houses 
tinder  unified  operation.  The  advantage  of  unified  operation 
of  power  houses  has,  however,  been  thoroughly  demonstrated 
and  is  quite  generally  recognized  in  this  country  and  abroad. 
In  all  such  cases  most  of  the  electrical  energy  required  in  a 
given  area  or  community  is  usually  generated  in  relatively 
large  economical  power  houses  and,  to  secure  the  best  result 
in  distribution,  in  such  form  as  will  best  lend  itself  to  meet  the 
predominating  demand  in  that  community. 

Such  unified  operation  or  centralized  generation  of  electrical 
energy  hf^  $p  i^  usually  been  limited  to^power  houses,  and  in 
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some  cases  includes  the  transmission  to  substations.  In  a  few 
cases  this  centralization  has  recently  been  carried  a  step  further 
to  include  the  substation.  In  one  of  these  cases,  very  large 
amounts  of  electrical  energy  had  been  supplied  by  the  electric 
power  company  to  each  of  two  competing  metropolitan  railway 
systems,  one  elevated  and  the  other  operating  on  the  street 
surface,  both  serving  the  same  territory  (the  north  and  west 
sides  of  Chicago)  and  each  operating  its  own  substations  in- 
dependent of  the  other  railway  system.  Supplementary  con- 
tracts have  recently  been  made  under  which  the  power  company 
leased  all  of  the  substations  of  the  elevated  railway  system  and 
then  contracted  to  exchange  conversion  service  with  the  surface 
railway  system.  The  power  company  also  agreed,  with  neoes- 
sary  limitations,  to  build  new  substations  where  needed  to  de- 
liver 600-volt  direct-current  energy  to  either  of  the  above  two 
systems. 

As  a  result,  the  elevated  railway  system  in  this  territory  will 
be  supplied  very  soon  from  13  distributing  substations  in- 
stead of  seven  as  formerly,  and  the  surface  railway  system  in 
this  territory  from  18  distributing  substations  instead  of  10  as 
formerly.  The  average  feeding  distances  are  thus  even  at 
the  start  almost  cut  in  half  and  make  possible  very  large  sav- 
ings in  distribution.  Four  of  the  additional  substations  are 
owned  by  the  power  company  and  will  be  also  used  for  distri- 
bution of  electrical  energy  to  its  general  lighting  and  power 
customers,  thus  making  a  further  saving  in  distribution  invest- 
ment and  operating  expense  in  that  community. 

In  one  of  the  cases  above  mentioned,  a  single  substation 
with  4000-kw.  synchronous  converters  supplies  600-volt  direct 
current  to  three  different  railway  systems,  where  imder  former 
methods  three  separate  small  substations  would  have  been  neces- 
sary. In  another,  direct  current  at  250  volts  to  a  three-wire 
Edison  system  and  at  600  volts  to  surface  railway  systems, 
is  delivered  from  one  substation  instead  of  two.  In  both  cases 
the  investment  in  high-tension  cables  from  the  power  house, 
in  substation  land,  building  and  equipment,  was  about  one- 
half  what  it  would  have  been  if  the  two  or  three  separate  sub- 
stations had  been  built  in  each  case.  This  reduction  in  invest- 
ment results  from:  (1)  less  reserve  high-tension  cable;  (2)  less 
land  and  building  for  one  large  substation  than  for  two  or  three 
small  ones;  (3)  less  cost  per  unit  of  substation  equipment  be- 
cause of  larger  units;  (4)  less  cost  per  unit  of  demand  in  kilo- 
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watts  on  one  substation  than  on  two  or  three,  because  of  con- 
siderably lesser  amoimt  of  spare  capacity  in  kilowatts  to  give 
equally  reliable  service. 

The  operating  expense  for  the  one  large  substation  was  prac- 
tically no  more  than  the  operating  expenses  for  each  of  the  two 
or  three  small  ones,  thus  reducing  these  expenses  one-third 
and  one-half,  respectively,  in  the  two  substations  referred  to. 

In  the  above  cases  the  high-tension  supply  to  the  substa- 
tions was  all  at  25  cycles.  Almost  the  same  possibilities  for 
economy  exist  in  many  cities  where  the  general  supply  is  at 
60  cycles,  as  60-cycle  synchronous  converters  have  now  been 
developed  to  a  point  where  in  all  except  possibly  the  very  larg- 
est tmits  they  are  comparable  with  25-cycle  synchronous  con- 
verters. 

This  tendency  toward  utilizing  as  many  substations  as  possible 
for  distributing  all  electrical  energy  (of  whatever  form  or  volt- 
age) required  within  the  economical  radius  of  each  substation, 
must  result  in  large  savings  in  future.  Especially  is  this  true 
when  we  realize  that  today  only  about  one  family  out  of  foiu* 
in  this  particular  territory  of  rapidly  growing  population  is 
enjoying  the  use  of  electric  service.  The  possibilities  in  demand 
for  electrical  energy  in  transportation  and  industrial  work  in 
this  particular  territory  seem  equally  promising. 

The  great  importance  of  the  subject  of  distribution  of  elec- 
trical energy  is  further  indicated  by  the  fact  that  in  the  average 
centralization  system  in  a  large  city  the  fixed  charges  and 
operating  expense  of  the  distribution  system  are  nearly  three 
times  the  fixed  charge  and  operating  expense  of  the  power 
house.  This  includes  all  equipment  and  conductors  between 
power  house  switch  gear  and  the  customers'  premises  and  refers 
to  kilowatt-hours  sold  for  general  light  and  power,  exclusive 
of  bulk  supply. 

All  expenditures  of  every  kind  for  electrical  energy  for  every 
purpose  in  any  community  should  be  viewed  from  the  stand- 
point of  such  community,  because  that  community  in  the  end 
reaps  most  of  the  benefits,  if  any,  and  suffers  most  of  the  losses, 
if  any,  that  result  from  the  particular  manner  in  which  elec- 
trical energy  is  generated  and  distributed  in  such  community. 
The  advantage  of  centralization  in  generation  of  electrical 
wiergy  is  generally  recognized,  but  the  advantage  of  some 
centralization  in  transmission  and  in  the  substations  is  not  so 
well  understood. 
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In  addition  to  the  centralization  of  electric  power  gener- 
ation, the  centralization  of  distribution,  at  least  the  trans- 
mission to  substations  and  the  conversion  therein,  should  al- 
ways receive  the  most  careful  consideration. 

The  use  of  a  single  substation  building  for  distributing  elec- 
trical energy  reliably  and  economically  for  general  lighting 
and  power,  for  stuf ace  railways  and  for  elevated  railway  trains, 
has  already  been  demonstrated.  It  is  only  a  small  step  farther 
to  distribute  600- volt  direct  current  for  steam  railroad  terminal 
operation  from  the  same  substation.  If  necessary,  1200-volt 
instead  of  600-volt  direct  current  could  be  distributed  from 
the  same  substation  and  still  effect  a  considerable  saving  if  enough 
foresight  and  breadth  of  view  is  exercised  by  all  parties  interested. 

Beyond  the  substation  it  is  also  very  desirable  to  have  cen- 
tralization, at  least  to  the  extent  of  a  single  system  for  all  general 
supply.  The  wastefulness  of  two  different  systems  of  mains 
for  general  supply  overlapping  in  the  same  area,  is  quite  generally 
appreciated.  Different  systems  have,  however,  been  wdl 
standardized  for  different  conditions  as,  for  instance,  the  Edison 
three-wire  system  for  the  denser  portions  or  business  districts 
of  large  cities,  and  the  alternating  system  for  practically  all 
other  general  supply.  In  addition,  there  are  various  problems 
in  distribution  that  are  peculiar  to  the  particular  purpose  for 
which  the  electrical  energy  is  used. 

In  the  following  sections  several  of  the  most  important  prob- 
lems in  the  distribution  of  electrical  energy  have  been  treated 
by  members  of  the  Committee  who  have  had  particular  ex- 
perience in  these  problems,  which  are  as  follows: 

Three-wire  d-c.  distribution,  by  P.  Torchio. 

Alternating-current  distribution,  by  H.  B.  Gear. 

The  relation  of  consumers'  apparatus  and  wiring  to  dis- 
tribution, by  H.  Goodwdn. 

D-c.  distribution  for  siuf  ace  lines,  urban  service,  by  R.  H.  Rice. 

D-c.  distribution  for  underground  and  elevated  railways,  by 
E.  J.  Blair. 

D-c.  distribution  for  interurban  and  steam  railroads,  by 
W.  G.  Carlton. 

A-c.  distribution  for  interurban  and  steam  railroads,  by 
W.  S.  Murray. 

The  relation  of  distribution  problems  and  switching  eqtaip- 
ment,  by  E.  B.  Merriam. 

Distribution  for  street  lighting  service,  by  P.  M.  Lincoln. 
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This  report,  including  the  sections  and  references  therein 
to  other  contributions  on  the  distribution  of  electrical  energy, 
is  supplemented  by  a  list  of  references  to  such  contributions 
from  American  and  foreign  authors  as  have  been  put  into 
book  form  or  have  not  been  presented  before  the  American 
Institute  of  Electrical  Engineers.  This  list  of  references  on 
the  subject  of  distribution  of  electrical  energy  it  is  hoped  will 
supplement  to  some  extent  the  recently  published  Index 
to  the  Transactions  of  the  American  Institute  of  Electrical 
Engineers — 1884  to  1910  inclusive. 
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APPENDIX  I.    THREE-WIRE  D-C.  DISTRIBUTION 

BY  PHILIP  TORCHIO 

The  modem  three-wire  d-c.  distributing  systems  consist 
essentially  of  a  three-wire  network  of  distributing  mains  fed 
by  a  multiplicity  of  cable  feeders  delivering  current  at  different 
points  of  the  network  of  mains,  and  a  system  of  substations 
supplying  the  current  to  the  feeders. 

With  the  exception  of  the  former  low-tension  d-c.  generating 
stations,  which  have  been  replaced  by  the  modem  substations 
receiving  high-tension  alternating  current  and  transforming 
it  into  low-tension  direct  current,  the  complete  three-wire  dis- 
tributing network  of  over  25  years  ago  is  still  giving  in  every 
respect  its  full  100  per  cent  service  alongside  of  all  subsequent 
additions.  This  is  almost  a  unique  instance  of  permanency 
of  usefulness  of  electrical  apparatus  used  by  central  stations. 

Feeders  and  Mains 

The  current  was  formerly  distributed  underground  by  Edison 
tube  feeders,  but  in  the  last  15  or  20  years  the  cable  system 
has  superseded  the  former  tube  systems.  For  feeders,  con- 
centric cables  with  pressure  wires  are  often  used,  they  being 
either  armored  and  laid  in  the  ground,  as  is  done  mostly  abroad, 
or  being  drawn  into  subway  ducts,  as  in  this  country.  In 
other  cases  single-conductor  cables  are  used  with  i>ressure  wires 
in  the  main  cables  or  separate  pressure  wires  outside.  The 
network  of  mains  consists  of  three  single-conductor  cables,  of 
equal  copper  cross-section,  drawn  in  distributing  ducts  in   the 
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Streets  near  the  curb  line  or  sometimes  under  the  sidewalk. 
This  system  of  mains  is  interconnected  at  each  street  crossing, 
thereby  making  a  solid  meshed  system.  Feeders,  which  are 
laid  from  the  station  to  a  number  of  suitable  points,  end  at  a 
junction  box  into  which  enter  the  feeder  cable  and  pressure  wires, 
and  from  which  issue  the  main  cables  tying  to  the  network  of  mains 
meeting  at  that  intersection  of  the  street.  The  junction  box  may 
be  installed  in  the  manhole  or  just  outside  in  the  street.  The 
neutral  main  cables  are  spliced  together  and  groimded  at  fre- 
quent places;  in  addition ,  there  are  neutral  feeder  cables  start- 
ing from  the  substation  and  going  to  different  points  on  the 
system  with  frequent  grounds  and  taps  to  ramifications  and  to 
the  neutral  mains.  The  total  amount  of  copper  for  neutral 
feeders  is  about  one-twelfth  of  that  for  positive  and  negative 
feeders. 
In  a  large  system  the  amount  of  copper  for  feeders  and  mains 

in  per  cent  of  the  total  is  as  follows: 

Feeders,    positive  and  negative 58 .9  per  cent 

Feeders,  neutrals 4.8    "       " 

Mains,  positive  and  negative 24.2    '       ' 

Mains,   neutrals 12.1    «       ' 

Subway  Ducts 

Fig.  1  shows  an  arrangement  of  manhole,  feeder  junction 
box,  trunk  ducts  and  distributing  ducts  with  a  service  handhole. 
Handholes  are  placed  at  convenient  places  along  the  distribu- 
ting ducts  and  service  connections  are  made  to  the  adjoining 
buildings  by  tying  service  cables  to  the  mains  as  indicated  in 
the  drawing. 

These  service  cables  are  drawn  in  an  iron  or  fiber  pipe  laid 
in  the  ground  and  ending  in  the  basement  or  cellar  of  the  build- 
ing to  be  supplied. 

Service  Connections 

At  the  customer  s  service  the  supplying  company  places  a 
disconnecting  switch  and  protective  fuses  and  its  current  reg- 
istering and  metering  devices. 

Fig.  2  illustrates  a  type  of  modem  service  connection  for 
lighting  and  power,  consisting  of  specially  designed  porcelain 
blocks,  which  are  equipped  not  only  with  fuses  and  all  the  con- 
nections to  the  watt-hour  meters,  but  also  with  clips,  by  means 
uf  which  the  testing  of  the  watt-hour  meters  on  the  customer's 
premises  can  be  readily  accomi)lished  by  inserting  a  plug  with 
connections  to  the  testing  apparatus,  thereby  avoiding  inter- 
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ferenoe  with  the  supply  of  current  to  the  customer  while  the 
test  is  being  made. 

All  of  these  appliances  are  enclosed  under  covers  which  are 
locked  and  sealed.  From  this  point  the  customer  derives  his 
supply,  three-wire  for  lighting  and  two-wire  for  power,  which 
services  are  usually  metered  independently. 

Standard  Voltages 

The  usual  distributing  voltages  used  in  this  country  are, 
2  X  110  =  220  to  2  X  120  =  240  volts,  though  in  a  very  few 
instances  2  X  220  =  440  to  2  X  240  =  480  volts  are  used. 


m^.V 


Fig.  1 


If  the  multiple  tungsten  lamp  eventually  encroaches  into 
the  field  of  the  arc  lamp,  the  advantages  of  first  cost  and  greater 
radius  of  the  higher  voltage  systems  would  assume  greater 
prominence  than  heretofore. 

Substations 

In  general  the  full  double  voltage  is  generated  by  the  con- 
verters or  the  motor-generator  sets  at  the  substation  and  the 
neutral  of  the  system  is  secured  by  several  means,  among  which 
are  storage  batteries,  balancer  sets,  derived  neutral  from  trans- 
formers, and  other  means. 
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Pig.  3  gives  a  diagram  of  the  principal  elements  of  a  sub- 
station. The  leads  of  the  positive  and  negative  connections 
are  brought  to  sci>aratc  boards.  The  neutral  connections  are 
made  not  at  the  board,  but  in  the  1>asement  of  the  substation 


■mziYi: 


or  in  the  cable  vault.  Each  of  the  two  separate  positive  and 
negative  d-c.  boards  is  equipped  with  multiple  buses,  and  all 
the  feeder  switches  arc  selected  to  connect  to  any  of  these  several 
buses.  By  this  arrangement,  according  to  the  load  requirements 
different  machines  can  be  operated  on  different  buses  at  dif- 
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ferent  voltages,  and  the  shorter  feeders  can  be  connected  to 
the  low-voltage  buses  and  the  longer  or  more  heavily  loaded 
feeders  to  the  higher  voltage  buses,  thus  securing  voltage  reg- 
ulation throughout  the  network. 

Fig.  4  illustrates  the  type  of  these  selective  switches  used  for 
converters  and  feeders,  and  the  method  of  installation.  By 
means  of  this  edgewise  system,  the  space  occupied  by  the  d-c. 
switches  is  reduced  to  a  minimum,  so  that  amounts  of  power 
as  large  as  30,000  kw.  at  240  volts  can  be  distributed  from  one 
substation. 

The  references  give  valuable  material  on  the  modem  tend- 
encies in  substation  design  and  equipment  which  cannot  be 
treated  fuUy  in  a  brief  review  of  this  kind.     We  may  mention, 
however,  a  few  features  of  the  latest  developments  which  made 
possible  large  improvements  in   economy  and   simplicity  of 
station.    Among  them   stands  foremost  the   development  of 
the  commutating-pole  synchronous  converter.     This,  in  con- 
junction  with  graphite  brushes  with  slotted  commutators  and 
self-lubricating  copper  graphite  brushes  for  the  collector  rings, 
has  made  the  operation  of  synchronous  converters  practically 
independent  of  attendance,  except  for  the  starting  up  and  shut- 
ting down  and  the  periodic  cleaning  and  setting  after  the  ma- 
rines are  shut  down.     Other  important  innovations  have  been 
the    split-pole    synchronous   converter   and    the    synchronous 
'^<H>ster  converter  for  obtaining  regulation. 

The  mantifacturers  have  produced  units  as  large  as  4000  kw, 

*nd.  they  are  now  prepared  to  furnish  still  larger  units  if  desired. 

^^nverters  are  usually  six-phase  and  have  been  in  many  cases 

Operated  with  double   delta  connection,   though  from  recent 

^^sts  it  would  appear  that  diametrically  connected  converters 

^^'^^   operate  practically  imder  the  same  conditions  as  a  double- 

^^^ta-connected  machine,  and  still  have  the  advantage  of  greater 

siiripiicity  of  connections  between  transformers  and  converter. 

-•^l^^  synchronous  converters  are  usually  started  from  the  d-c.  end. 

Air-blast  transformers  have  been  used  most  extensively  and 

^'^^   practise  of  one  large  company  is  to  have  the  blower  motor 

^^^inected  directly  to  the  secondaries  of  the  transformers,  so 

^  to  start  it  when  the  transformer  is  energized. 

Storage  Batteries 

The  installation  of  storage  batteries  at  substations  is  a  dis- 
tinctive feature  and  great  progress  has  been  made  in  the  last 
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few  years  in  the  adoption  of  the  stand-by  batteries,  consisting 
of  very  thin  plates,  similar  to  those  used  for  electric  vehicles. 
These  batteries  can  give  for  a  short  period  of  time  large  current 
discharges  and  often  are  designed  to  give,  say  for  ten  minutes, 
the  full  output  of  the  substation  in  case  of  emergency. 

Material  improvements  have  been  made  in  the  method  of 
end  cell  switch  controls  and  connections. 

Control 

In  very  large  systems  great  care  is  given  to  a  number  of  such 
details,  like  the  standard  voltmeters  for  regulating  purposes; 
the  station  lighting  and  power  supply  from  duplicate  sources; 
the  telephone  connections  to  the  generating  stations  through 
independent  lines  and  public  telephone  exchanges;  and  the 
emergency  signals  controlled  from  the  generating  station,  giv- 
ing simultaneous  instructions  by  code  to  all  the  substations 
on  the  system. 

APPENDIX  II.    ALTERNATING-CURRENT 

DISTRIBUTION 

BY    H.    B.    GEAR 

The  distribution  of  alternating  current  will  be  considered 
to  include  both  bulk  supply  and  general  distribution.  In  the 
larger  cities  where  the  general  distribution  is  made  from  sub- 
stations, the  bulk  supply  of  energy  is  distributed  by  means  of 
three-phase  alternating  current  from  the  source  of  power  to 
the  points  of  distribution  where  it  is  converted  to  the  form  re- 
quired for  general  purposes,  for  street  lighting  or  for  railway 
purposes.  These  lines  are  so  numerous,  and  are  so  related  to 
each  other  through  tie  lines,  that  they  constitute  a  magnified 
form  of  distributing  system  with  problems  peculiar  to  them- 
selves, which  require  consideration  which  might  be  lost  sight 
of  if  they  were  classed  as  transmission  lines. 

Bulk  distribution  systems  will  be  considered  without  regard 
to  whether  the  energy  is  used  for  alternating-current  distri- 
bution, direct-current  distribution,  or  electric  railway  work, 
after  its  conversion. 

Bulk  Distribution 

These  systems  are  quite  universally  operated  on  the  three- 
phase  system  at  25  or  60  cycles  and  at  6600  to  20,000  volts. 
The  lower  voltage  is  used  where  the  radius  does  not  exceed  six 
miles  (9.6  km.)  and  averages  much  less.     In  some  systems  the 
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longer  lines  have  been  raised  to  20,000  volts  or  more,  to  handle 
the  supply  to  suburban  districts  more  flexibly.  In  the  vicinity 
of  Berlin  there  is  an  extensive  30,000- volt  cable  system  serving 
the  outlying  parts  of  the  city  and  suburbs.  The  German  and 
English  cable  manufacturers  have  apparently  been  very  success- 
ful in  the  production  of  cable  for  voltages  above  20,000  volts,  and 
such  transmission  lines  are  placed  underground  much  more 
generally  in  Europe  than  in  America. 

The  choice  of  frequency  is  fixed  by  the  relative  proportion 
of  energy  converted  to  direct  current  through  synchronous 
converters.  Where  the  direct-current  load  greatly  predom- 
inates, 25  cycles  is  used  and  frequency  changer  sets  furnish  the 
alternating-current  supply  at  60  cycles.  >  Where  the  alternat- 
ing-current distribution  predominates  the  power  supply  is  often 
generated  at  60  cycles.  In  several  cases  both  25  and  60-cycle 
generating  systems  are  maintained,  reserve  capacity  for  each 
being  secured  through   frequency   changers. 

Bidk  supply  systems  have  been  developed  in  America  chiefly 
on  the  principle  of  radial  lines.  A  radial  system  is  built  up 
by  the  use  of  direct  lines  from  power  station  to  substation, 
one  such  line  usually  being  sufficient  to  carry  the  load  when 
the  substation  is  established.  The  reserve  source  of  supply, 
which  is  imperative,  is  usually  secured  by  a  tie  line  from  another 
substation;  or,  in  case  of  a  small  substation,  by  tapping  another 
direct  line  at  a  convenient  point.  These  conditions  are  illus- 
trated in  Fig.  5,  which  shows  methods  of  supplying  three  sub- 
stations of  moderate  size.  In  the  three  cases  here  shown  it  is 
assumed  that  the  direct  lines  have  a  capacity  of  about  3000 
kilowatts. 

In  cases  A  and  B  the  failure  of  either  direct  line  is  provided 
for  through  the  reserve  tie  lines.  In  case  B  a  tap  connection 
to  one  of  the  direct  lines  is  used  to  save  unwarranted  cable  in- 
vestment. Either  of  the  direct  lines  carries  the  entire  load  in 
conjunction  with  the  tie  lines  in  case  of  the  failure  of  the  other. 

Case  C  shows  the  development  of  case  A  after  the  combined 
load  of  the  three  substations  exceeds  the  capacity  of  a  single  line. 

The  ring  system  of  case  A  may  be  used  to  take  in  any  number 
of  industrial  power  consumers  up  to  the  capacity  of  the  cable; 
the  substations  in  this  case  being  on  or  very  near  the  customer's 
premises. 

The  transmission  system  of  one  of  the  large  companies  in 
America  has  been  developed  on  the  jmnciple  of  duplicate  lines 
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arranged  with  substations  in  tandem.  The  converting  units 
in  ,each  substation  are  divided  into  two  sections  so  that  an  inter- 
ruption on  either  line  interferes  with  only  one-half  of  the  capac- 
ity in  operation.  These  lines  are  protected  by  overload  cir- 
cuit breakers  actuated  by  definite  time-limit  relays,  so  set  that 
they  will  operate  in  tandem;  that  is,  only  that  part  of  the  service 
is  interrupted  which  is  beyond  the  fault  in  the  cable. 

As  the  loads  increase  and  require  more  lines,  the  importance 


-(; 


DIRCCT  UNES 


1000  K.W. 
gj , 


W 


■OOICW. 


m 


|— I    TIE  LINE I 


1300  ICW. 


700K.W. 
TAP 


DIWECTvllWEa 


)K.W. 


(B) 


TIE  LINE 


Hgh- 


1S00K.W. 


^|J 

I 
I 

J 


1000  K.W. 


(0 


1BO0  K.W. 

— Eh- 


■Q- 


2200  K.W. 

.OWECT  iiNrs 


..—..TIE  (INFS 


Fig.  5 


^ 


1000  K.W. 


of  having  a  diversity  of  routes  to  guard  against  the  failure  of 
two  or  more  cables  to  the  same  substation  becomes  apparent. 
This  condition  is  illustrated  in  Fig.  6.  The  congestion  near 
the  power  station  must  be  guarded  against  by  limiting  the  size 
of  duct  runs  and  providing  several  separate  conduit  routes. 

As  substation  loads  increase,  the  percentage  of  reserve  in- 
vestment becomes  smaller,  as  one  reserve  line  is  sufficient  for 
the  three  substations.     Thus  the  reserve  investment  is  about 
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one-eighth  of  the  total  in  Fig.  6,  whereas  it  is  about  forty  per 
cent  in  Fig.  5. 

It  is  usual  to  provide  a  transfer  bus  at  substations  so  that 

any  line  can  be  connected    to 
mtMoicw.  either  tie  line    or  to  any  con- 

IL---  — ,  verter. 

A  large  proportion  of  the  lines 
making  up  bulk  supply  systems 
in  large  cities  is  placed  under- 
ground in  lead-sheathed  three- 
conductor  cables  drawn  into 
ducts.  The  most  economical  use 
of  capital  is  made  when  such 
cables  are  as  large  as  can  be 
properly  handled.  The  kilowatt 
capacity  of  a  high-tension  cable 
at  a  given  voltage  increases 
more  rapidly,  with  increasing 
sizes  of  copper,  than  the  cost  of 
the  cable.  The  most  econom- 
ical cost  per  kilowatt,  therefore, 
requires  the  use  of  as  large  a 
cable  as  it  is  practicable  to  draw 
into  a  standard  duct. 

The  following  table  gives  the  maximum  sizes  of  three-core 
cable  which  are  installed  at  the  present  time  and  their  approxi- 
mate continuous  capacity  at  various  voltages: 
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Volts 


6.600 

9.000 

13.200 

20.000 


Sise  of 
each  core 


Amperes 


Kv-a. 


350.000 
350.000 
250.000 
150.000 


290 
290 
220 
145 


3.200 
4.500 
6.000 
6.000 


The  current  values  are  taken  for  average  conditions.  They 
are  somewhat  high  for  situations  where  the  facilities  for  heat 
radiation  are  poor,  or  where  there  is  a  considerable  number  of 
other  cables  liberating  heat  in  the  same  duct  line.  These 
amounts  of  power  could  also  be  exceeded  for  a  few  hours  during 
a  peak  load,  without  risk  of  injury. 

Previous  to  the  last  two  or  three  years  it  was  not  always 
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satisfactory  to  operate  high-tension  lines  in  parallel  at  the  sub- 
station end,  since  a  fault  in  either  of  the  cables  supplying  a 
substation  is  likely  to  open  the  circuit  breakers  of  cables  not 
affected,  thus  shutting  off  the  entire  supply.  This  was  due  to 
the  absence  of  reliable  reverse-power  relays  which  would  per- 
mit the  most  satisfactory  parallel  operation. 

Prior  to  the  development  of  the  commutating-pole  converter, 
the  largest  unit  which  was  considered  advisable  had  a  capacity 
of  2000  kw.  These  machines  were  designed  to  carry  2500  to 
3000  kw.,  however,  for  about  two  hours.  It  therefore  became 
common  practise  to  have  a  line  for  each  2000-kw.  converter  or 
for  two  machines  where  1000-kw.  units  were  installed.  Thus 
the  average  load  per  cable  was  about  2000  kw.  under  normal 
operating  conditions,  and  as  the  cables  used  had  a  capacity  of 
3000  to  4500  kw.,  there  has  been  an  accumulation  of  surplus 
cable  capacity  amoimting  to  from  50  to  80  per  cent  of  the  maxi- 
mtmi  substation  load.  This  is  particularly  true  of  substations 
having  loads  above  4000  kw.  The  situation  is  such  that  there 
is,  at  the  present  time  in  Greater  New  York  and  Chicago,  not 
far  from  $1,000,000  worth  of  surplus  cable  investment  which 
could  have  been  saved  if  means  for  parallel  operation  of  cables 
and  larger  converting  units  had  been  available  prior  to  1910. 

The  introduction  of  converting  units  of  3000-  to  4000-kw. 
capacity  for  direct-current  work  and  three-phase  transformers 
of  almost  any  desired  capacity  for  alternating-current  distribu- 
tion has  done  much  to  improve  this  condition  in  recent  years. 
These  units  permit  the  use  of  cables  at  a  point  near  their  full 
safe  carrying  capacity  and  make  possible  large  savings  in  future 
cable  investment. 

Another  source  of  relief  has  appeared  in  the  development  of 
protective  relays  designed  to  permit  lines  to  be  operated  in 
parallel.  The  Merz-Price  system  has  had  large  and  successful 
application  in  the  north  of  England  in  a  field  where  its  value 
is  greatest;  that  of  the  distribution  of  industrial  power  in  blocks 
of  200  to  1000  kilowatts  by  means  of  a  high-tension  network. 
This  system  unfortunately  involves  the  use  of  pilot  wires  which, 
not  being  included  in  existing  cable  systems,  make  its  intro- 
duction more  expensive  and  difficult  than  a  system  of  reverse- 
power  relays.  (An  interesting  modification  of  the  Merz-Price 
system,  in  which  so-called  "split  conductors''  render  unneces- 
sary the  use  of  pilot  wires,  has  been  developed  in  England; 
but  so  recently  that  little  definite  experience  is  available.)     How- 
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ever,  it  is  probably  the  most  reliable  means  at  present  known 
of  guarding  against  interruption  of  service  by  cable  faults. 

Modified  forms  of  reverse- power  relays  have  been  developed 
within  the  past  two  years,  some  of  which  are  under  trial  at  the 
present  time.  The  performance  and  further  development  of 
these  devices  will  be  watched  with  the  most  sympathetic  in- 
terest by  all  who  are  interested  in  getting  high-tension  cable 
investments  down  to  a  basis  of  economy  comparable  with  other 
reductions  made  in  plant  costs  in  recent  years. 

Alternating-Current  Substations 

The  altemating-ciuTent  substation,  in  its  simplest  form, 
consists  of  a  set  of  transformers  with  a  minimum  of  switching 
equipment  and  auxiliaries  mounted  outdoors.  After  the  load 
has  grown  so  that  two  or  more  distributing  feeders  are  necessary, 
circuit  breakers,  potential  regulators  and  instruments  must  be 
added  if  first-class  service  is  required.  These  require  a  build- 
ing, the  character  of  which  is  dependent  upon  the  location  and 
relative  importance  of  the  substation. 

In  substations  of  1000  kw.  or  less  it  is  usual  to  find  oil-cooled 
single-phase  transformers.  With  larger  sizes,  air-  or  water- 
cooled  units  are  more  economical.  In  three-phase  systems 
three-phase  units  are  often  employed  in  sizes  of  about  750  kw. 
and  upward.  In  two-phase  systems  which  are  operated  in 
connection  with  three-phase  transmission  lines,  single-phase 
transformers  are  selected  for  the  Scott  connection. 

When  the  power  supply  is  generated  at  25  cycles  the  fre- 
quency-changing motor-generator  becomes  a  factor.  This 
usually  involves  synchronous  motors  and  introduces  exciters, 
starting  compensator  and  necessary  accessories  in  the  way  of 
switchboard  equipment.  Motors  of  frequency  changers  are 
usually  wound  for  the  transmission  voltage  to  save  transformer 
investment ,  where  the  transmission  voltage  is  not  above  15,000. 
Induction  motors  are  used  in  some  cases  to  secure  greater  sta- 
bility at  times  of  system  disturbance. 

The  induction  type  regulator  has  largely  superseded  the  trans- 
former type.  The  superior  results  secured  from  automatically 
controlled  regulators  in  the  regulation  of  pressure  have  made 
them  standard  for  important  lighting  service.  The  details  of 
line  drop  compensators,  contact-making  voltmeters,  and  motor 
control  have  undergone  a  steady  evolution  in  the  right  direction 
in  recent  years.    The  adjustment  of  springs  and  condition  of 
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• 
contacts,  however,  still  require  periodical  inspection  and  check- 
ing of  pressure  at  feeder  ends.  In  Chicago  it  is  fotind  necessary 
with  some  200  sets  of  equipment  to  check  each  of  them  at  least 
once  in  three  months  by  the  installation  of  recording  volt- 
meters for  a  few  days  at  the  feeder  end. 

The  improvements  in  transformer  design,  by  which  weights 
and  costs  per  kilowatt  of  capacity  have  been  reduced,  and  the 
increasing  requirements  of  good  service,  have  made  some  strik- 
ing changes  in  the  cost  of  transformer  substations.  The  trans- 
formers, which  one  ordinarily  thinks  of  as  the  chief  item,  con- 
stitute less  than  one-third  of  the  cost  of  a  modem  5000-kw. 
substation,  housed  in  a  fireproof  building  and  equipped  with 
the  required  quota  of  oil  switches,  automatic  regtdators,  du- 
plicate buses,  instrument  and  control  panels,  etc.  The  automatic 
regulators,  feeder  switches  and  distributing  buses  make  up 
about  half  the  total  cost.  A  large  part  of  the  facilities  of  a 
modem  substation  is  necessary  for  the  safety  of  operating  and 
construction  men  whose  duties  must  be  performed  without 
accident  to  themselves,  to  the  service  or  to  the  equipment. 

General  Distribution 

The  distribution  of  alternating  ciurent  for  general  commercial 
purposes  is  accomplished  in  America  almost  universally  by 
2200-volt  mains  supplying  step-down  transformers  located 
near  groups  of  consumers  whose  premises  are  served  by  second- 
ary mains  at  110-220  volts.  There  are  a  few  installations  of 
low-tension  alternating-current  feeders  on  the  Edison  system 
at  110-220  volts  in  business  districts,  and  some  installations 
of  220-440- volt  mains  have  been  made  where  it  was  desired  to 
avoid  primary  lines. 

Lighting  is  quite  generally  served  single-phase;  while  power 
service  is  given  from  two-phase  or  three-phase  mains.  Two- 
phase  systems  are  in  use  chiefly  where  this  method  of  distribu- 
tion was  established  in  the  early  period  of  development  and  is 
too  extensive  to  warrant  changing  to  the  three-phase  system. 
Three-phase  systems  are  standard  for  all  new  installations 
where  polyphase  supply  is  desired  for  general  power  service. 

Single-phase  distribution  is  cheapest  for  lighting  and  small 
power  mains  at  the  load  densities  usually  found  outside  of  busi- 
ness districts,  as  the  smallest  size  wire  which  should  be  used 
for  mechanical  strength  is  ample  for  ordinary  loads.  Three- 
phase,   three- wire   primary   distribution   is  preferable  in  cities 
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where  substation  loads  do  not  exceed  1000  to  2000  kw.,  but 
four-wire  distribution  is  most  economical  for  larger  loads  and 
the  greater  distances  which  usually  go  with  them  in  the  large 
cities.  The  foiu*-wire  system — ^being  a  2300-4000- volt  system — 
permits  the  supply  of  larger  power  users  at  outlying  points 
more  economically  than  by  three- wire,  2300- volt  systems. 

The  ability  to  regulate  pressure  independently  on  the  dif- 
ferent phases  with  greatly  unbalanced  loads  makes  possible  the 
use  of  single-phase  lighting  distribution  without  sacrificing  the 
advantage  of  three-phase  transmission  on  the  feeder. 

The  supply  of  power  service  in  manufacturing  districts  is 
sometimes  accomplished  by  the  use  of  separate  power  feeders, 
the  lighting  being  carried  on  other  circuits.  In  other  cases  the 
light  and  power  are  combined.  The  use  of  separate  power  cir- 
cuits tends  to  produce  a  duplicate  distributing  system  and  re- 
quires increased  feeder  capacity  on  account  of  the  lower  power 
factor,  while  with  combined  service  the  lighting  tends  to  keep 
the  power  factor  up.  The  diversity  of  demand  between  power 
and  lighting  loads  also  makes  possible  a  considerable  saving  in 
feeder  capacity  where  the  lighting  load  in  a  given  district  is 
of  the  same  order  of  magnitude  as  the  pbwer  load. 

Thus  the  policy  of  a  combined  feeder  system  is  preferable  from 
the  standpoint  of  both  feeder  and  main  investment,  in  most  cases. 

With  modem  pressure  regulating  apparatus  there  are  not 
many  situations  where  the  lighting  service  cannot  be  made 
^hat  it  should  be,  when  power  is  served  from  the  same  primary 
mains. 

The  primary  main  system  cannot  be  interconnected  as  the 
mains  in  a  low-tension  system,  because  it  is  impracticable  to 
provide  fuse  protection  in  such  a  way  that  it  will  isolate  a  sec- 
tion of  main  which  is  in  trouble  without  simultaneously  blowing 
other  fuses  through  which  the  energy  is  supplied.  Thus  the 
primary  system  loses  the  advantage  of  parallel  feeding,  and 
requires  that  the  feeder  end  be  located  as  nearly  as  possible  at 
the  electrical  center  of  the  district  which  it  serves.  The  ar- 
rangement which  gives  the  best  distribution  of  pressure  thus 
naturally  takes  the  form  of  a  center  of  distribution  with  radial 
mains.  These  centers  of  distribution  should  be  chosen  so  that 
the  drop  on  the  primary  main  will  average  about  2  per  cent 
from  feeder  end  to  transformers.  This  limit  is  not  always  com- 
mercially feasible  in  the  case  of  lines  to  outlying  districts  where 
the  load  is  not  yet  large  enough  to  justify  the  cost  of  extending 
a  feeder. 
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The  usual  form  taken  by  single-phase  circuits  laid  out  in 
this  manner  is  shown  in  Fig.  7. 

In  cases  where  a  feeder  follows  a  main  thoroughfare  along 
which  most  of  the  load  is  located,  and  the  side  branches  are 
short,  the  tree  system  sometimes  is  used.  This  tends  to  give 
high  pressure  at  the  near  end  and  low  pressure  at  the  far  end 
but  saves  the  cost  of  a  "back  feed"  main. 

In   three-phase,  four-wire  sjrstems  a  modified  form  of  the 
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center  of  distribution  plan  may  be  used,  as  shown  in  Fig.  8. 
The  center  of  distribution  of  each  phase  is  located  with  refer- 
ence to  the  electrical  center  of  the  single- phase  load  carried  by 
that  phase.  Since  each  phase  can  be  regulated  for  pressure 
separately,  this  gives  a  good  distribution  in  scattered  districts, 
and  permits  feeders  to  be  loaded  more  heavily  than  is  possible 
when  the  load  is  distributed  from  a  single  center.  In  the  denser 
business  districts  it  is  possible  to  pick  up  enough  load  for  a 
feeder  within  a  small  radius,  and  a  single  center  is  adequate. 
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The  separated  centers  of  distribution  can  be  used  in  two-phase 
systems  but  do  not  work  out  well  for  three-wire,  three-phase 
diaiits,  since  the  line  drop  compensators  cannot  be  set  to  take 
care  of  drop  in  the  single-phase  branch  after  it  leaves  the  other 
phases. 

Emergency  Switching  Points 

Where  portions  of  the  primary  system  are  underground  and 
irbere  mains  of  adjacent  feeders  come  together  it  is  important 
that  suitable  facilities  be  provided  by  which  the  mains  of  the 
two  circuits  may  be  joined  together  in  emergencies.    Cable 


repairs  require  a  considerable  time  and  if  service  is  to  be  resumed 
promptly  such  emergency  connections  must  be  provided  in 
sufficient  number  to  permit  the  minimum  interruption  of  ser- 
vice. Emergency  switching  points  are  also  necessary  as  a 
means  of  putting  sections  of  cable  out  of  service  while  new  cable 
taps  are  being  cut  in.  The  safety  of  linemen  and  continuity 
of  service  largely  depend  upon  the  facility  with  which  sections 
of  the  primary  main  system  may  be  controlled.  Outdoor  types 
of  oil  switches  are  used  to  some  extent  on  important  branches. 
The  disconnecting  type  of  porcelain  pothead  is  found  weU  adapted 
to  this  work,  particularly  at  cable  poles. 
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An  arrangement  of  two  adjacent  feeders  with  mixed  under- 
ground and  overhead  lines  provided  with  facilities  for  emergency 
switching  appears  in  Fig.  7.  In  case  of  the  failure  of  any  sec- 
tion of  cable  main, service  maybe  resumed  as  soon  as  a  repair 
man  can  open  the  potheads  on  the  cable  poles  connected  to 
that  main,  and  close  the  emergency  connection  separating  the 
overhead  branches  from  the  adjoining  circuit. 

Secondary  Main  Systems 

The  arrangement  of  secondary  mains  depends  largely  upon 
the  density  of  the  load.  In  outlying  districts  where  the  load 
runs  from  one  to  ten  kilowatts  in  each  block  the  size  of  secondary 
wires  is  comparatively  small  and  the  distances  between  trans- 
formers are  such  that  the  interconnection  of  adjacent  secondary 
mains  is  not  commonly  considered  desirable.  The  geographical 
arrangement  of  such  mains  tends  to  follow  principal  streets 
with  few  important  mains  intersecting.  The  failure  of  a  trans- 
former fuse  under  these  conditions  throws  an  overload  on  the 
adjacent  transformers  and  the  entire  interconnected  main  is 
likely  to  be  put  out  of  service. 

In  the  denser  parts  of  a  city  where  business  buildings  are 
served,  a  cross-connected  network  may  be  developed.  This  is 
less  likely  to  cause  trouble,  as  the  load  of  any  transformer  in 
trouble  is  usually  divided  between  more  than  two  transformers, 
and  the  danger  of  blowing  other  transformer  fuses  is  lessened. 

The  secondary  system  may  be  protected  against  trouble 
originating  in  the  transformer  by  the  use  of  "network  pro- 
tectors.*'  In  New  York  City  it  is  customary  to  operate  the  larger 
transformer  secondaries  in  parallel,  using  such  a  de\'ice  quite 
generally.  The  ''network  protector"  consists  of  a  small  trans- 
former having  the  same  ratio  as  the  main  transformer.  The 
primary  and  secondary  leads  of  the  main  transformer  are  carried 
through  the  protector  in  series.  In  case  of  a  defect  in  the  trans- 
former the  fuses  of  the  protector  quickly  open  the  connections 
to  the  network  and  thus  prevent  the  current  from  blowing  the 
fuses  of  other  transformers. 

The  interconnection  of  secondary  mains  has  the  advan- 
tage of  permitting  the  use  of  spare  capacity,  where  available, 
to  take  overloads  on  adjacent  transformers.  The  diversity 
factor  between  different  groups  of  customers  may  thus  be  util- 
ized to  make  a  reduction  of  transformer  investment  in  some 
cases. 
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Motors  cannot  usually  be  served  from  lighting  secondaries 
(except  in  the  smaller  sizes)  without  interfering  with  lighting 
service,  on  account  of  the  fluctuations  of  pressiure  caused  by 
starting  currents.  Where  the  requirements  of  lighting  service 
are  high  it  is  therefore  necessary  to  install  separate  transformers 
for  power  customers  having  motors  of  five  h.p.  and  upward. 
In  scattered  residence  districts  it  is  often  necessary  to  put  motors 
of  one  h.p.  and  larger  on  separate  transformers. 

In  alternating-current  distribution  in  congested  business 
districts  where  a  network  may  be  developed  underground  with 
loads  of  75  kw.  and  upward  in  each  block,  it  is  very  desirable 
to  be  able  to  serve  light  and  power  from  one  system  except, 
perhaps,  for  users  reqtiiring  about  20  h.p.  and  upward.  The 
problem  has  been  met  in  several  instances  by  retaining  the  500- 
volt  direct-current  distribution  and  establishing  a  three-wire 
Edison  alternating-current  network  for  the  lighting  and  mis- 
cellaneous small  power  in  the  congested  business  portion  of 
the  city. 

The  secondary  network  of  mains  may  be  supported  by  trans- 
formers in  vaults  with  primary  feeders  or  by  low-tension  feeders 
from  a  centrally  located  substation.  The  primary  feeder  supply 
is  the  more  usual  as  it  follows  the  natural  course  of  development. 

As  the  load  density  increases  the  difficulties  of  getting  ven- 
tilation and  adequate  space  for  the  vaults  multiply.  The  in- 
stallation of  a  substation,  centrally  located,  with  alternating- 
current,  low-tension  feeders  at  the  proper  points,  finally  becomes 
the  most  economical  and  practical  plan.  About  enough  is 
saved  in  the  cost  of  the  vaults  and  transformers  to  offset  the 
extra  cost  of  feeders. 

Where  there  is  no  direct-current  power  system  provision 
must  be  made  for  alternating-current  power  service.  In  smaller 
cities  this  is  provided  for  by  separate  transformers  for  the 
elevator  service  and  for  the  larger  general  power.  This  per- 
mits the  lighting  to  be  served  by  single-phase,  three-wire  second- 
ary mains. 

In  cities  where  lines  are  underground  in  the  business  dis- 
trict it  is  very  desirable  to  be  able  to  serve  all  customers  from 
one  set  of  mains  as  far  as  possible.  This  may  be  done  by  the 
use  of  four- wire,  three-phase,  11 5-200- volt  secondary  mains 
supported  by  transformers  and  primary  mains,  or  by  low- 
tension  feeders. 

The  proper  distribution  of  lighting  load  between  phases  must 
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be  maintained  in  order  to  avoid  the  effects  of  imbalance.  The 
odd  voltages  of  this  system  are  a  bar  to  its  adoption  if  any  con- 
siderable niunber  of  220-volt  motors  is  already  in  service,  or 
if  the  lamps  are  rated  lower  than  110  to  112  volts. 

When  the  load  rises  above  150  kw.  per  block,  the  problems 
of  carrying  large  volumes  of  alternating  current  in  lead-sheathed 
cables  multiply,  and  a  condition  is  reached  where  direct-current 
distribution  seems  to  be  a  practical  necessity  from  the  cable 
standpoint,  and  the  importance  of  the  service  requires  the  pro- 
tection of  the  storage  battery. 

Transformer  Sblection 

The  determination  of  probable  maximum  demands  of  a  user 
or  group  of  users  is  of  much  importance  in  the  selection  of  trans- 
former sizes.  Information  based  on  experience  and  analysis 
of  demands  of  different  classes  of  users  is  necessary  to  avoid 
excessive  investment  in  line  transformers,  as  well  as  unneces- 
sarily large  core  losses. 

The  systematic  checking  of  transformer  loads  by  the  use  of 
a  suitable  demand  instrument  is  an  important  factor  in  keep- 
ing transformer  investment  within  proper  limits.  This  practise 
is  followed  by  the  larger  central  station  companies  quite  gen- 
erally. The  practise  of  making  contracts  with  large  users  on 
the  basis  of  a  demand  measiured  by  recording  types  of  demand 
meters  is  of  great  assistance,  as  the  maxima  may  be  kept  track 
of  from  month  to  month  through  the  year  and  added  load  dis- 
covered as  soon  as  it  materially  affects  the  demand. 

The  diversity  factor  in  a  group  of  consiuners  is  so  great 
in  some  cases  that  the  demand  of  the  group  is  very  different 
from  the  demand  of  the  individual  users  composing  the  group. 
The  diversity  factor  is  greater  for  residence  constmiers  and  sim- 
ilar classes  whose  use  varies  with  their  habits  of  living,  than 
for  commercial  users  whose  reqtdrements  are  fixed  by  more 
xmiform  conditions  and  whose  demands  individually  are  a  larger 
proportion  of  their  connected  installation. 

The  following  table  represents  average  experience  in  the  de- 
termination of  demands  of  individual  consumers  and  groups 
of  constmiers: 
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TABLB  OP  MAXIMUM  DEMAND  FACTORS 
CImim  of  Uien  Single  Group 

Lighting  Service 

HouaM  and  AsMrtmenU 66  per  cent.  20  per  cent. 

Offices 72  ■ 

Small    Stores 76  * 

Hotels 36  ■ 

Chorches 60  ' 

Hospitals 60  ■ 

Mamtfactoring 70  * 

Power  Service 

Less  than  5  h.p 86     •  ■  70  ■  ■ 

6tol0  h.p 66     •  ■  62  ■  ■ 

llto20  h.p. 66     •  ■  63  ■  ■ 

Over20to50  h.p. 63     •  •  46  ■  ■ 

The  demand  is  given  in  this  table  as  a  percentage  of  the  con- 
nected load. 

Construction 

The  construction  of  altemating-cixrrent  distributing  lines 
for  general  service  is  very  largely  overhead.  The  use  of  under- 
ground work  is  necessarily  limited  to  districts  where  the  load 
density  is  such  as  to  warrant  the  increased  expense.  In  general, 
underground  construction  costs  from  three  to  five  times  as  much 
as  overhead  work,  where  the  load  density  is  such  as  to  require 
a  2200- volt  main  system. 

Feeders  and  primary  mains  are  sometimes  placed  under- 
ground on  main  thoroughfares,  leaving  the  transformer  second- 
aries and  services  overhead.  This  eliminates  much  of  the  risk 
incident  to  heavily  loaded  pole  lines  and  avoids  putting  the  more 
expensive  part  of  the  distribution  underground. 

The  cost  of  distribution  systems  is  materially  increased  by 
the  necessity  of  doing  the  work  piecemeal.  The  plant  invest- 
ment must  be  made  with  relation  to  the  income  which  is  likely 
to  be  derived  within  the  period  immediately  following  construc- 
tion. The  lines  are  therefore  extended  a  block  or  two  at  a  time, 
as  the  city  grows,  and  the  demand  for  service  increases.  The 
feeder  system  must  be  reinforced  as  may  be  necessary  from 
time  to  time,  to  carry  the  added  load.  This  involves  re-arrange- 
ment of  connections  of  primary  mains  and  many  complicated 
* 'cut-overs"  which  add  to  the  expense  very  materially. 
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APPENDIX  III.    EFFECT  OF  CONSUMERS'  APPARATUS 
AND  WIRING  ON  DISTRIBUTION 

BY  H.  GOODWIN 

It  is  a  comparatively  simple  matter  to  lay  out  a  system  of 
wiring  a  building,  distribution  lines  and  station  apparatus 
which  will  give  perfect  service  for  any  given  combination  of 
loads,  but  the  duties  of  a  distribution  engineer  are  to  make  the 
best  use  of  the  lines  available  for  supplying  any  proposed  load 
without  involving  such  cost  as  to  make  the  proposition  pro- 
hibitive from  a  commercial  standpoint  or  without  putting  the 
consumer  to  such  great  expense  for  interior  Tiering  as  to  make 
the  service  undesirable  from  his  point  of  view. 

When  public  electric  service  was  first  started  it  was  for  light- 
ing purposes  only.  The  service  was  generally  only  half  night 
service;  interruptions  were  frequent  and  voltage  regulation 
was   comparatively   poor. 

Conditions  have  changed  and  continuous  good  service  has 
become  in  many  cases  a  necessity. 

Motor  Service 

The  use  of  cturent  for  lighting  was  soon  followed  by  the  use 
of  cturent  for  motors.  These  motors  were  at  first  small,  and 
on  account  of  the  general  irregularity  of  service  no  great  trouble 
was  caused  by  them.  The  power  business  has  since  become 
very  imix)rtant.  The  multitude  of  uses  for  small  motors  has 
also  contributed  very  largely  to  obtaining  many  consumers 
for  lighting.  Since  the  introduction  of  electric  cturent  for  power 
and  lighting  have  gone  hand  in  hand,  it  is  natural  that  often 
a  single  service  has  been  run  for  supplying  both  the  light  and 
the  power  and  the  consumers'  wiring  has  been  simplified  as  much 
as  possible  by  the  combination  of  lighting  and  power  loads  with- 
out regard  to  interference  with  service  to  one  by  the  other. 

Since  motors  cannot  be  started  without  a  greater  demand 
from  the  lines  than  is  necessary  to  run  them  after  starting, 
various  well-known  devices  have  been  introduced  to  minimize 
the  starting  current. 

Many  electric  power  companies  employ  polyphase  genera- 
tion and  both  polyphase  and  single-phase  distribution,  the 
latter  for  lighting  and  small  motors.  In  such  cases  it  is  neces- 
sary (in  fairness  to  motor  users  as  a  whole  and  to  the  company) 
to  have  some  fixed  rule  as  to  size  of  motor  above  which  no  single- 
phase  service  will  be  rendered  and  below  which  no  polyphase 


19141  DISTRIBUTION  OF  ELECTRICAL  ENERGY  237 

service  will  be  rendered.    This  size  varies  from  1  h.p.  to  7.5  h.p. 
with  different  companies,  depending  upon  local  conditions. 

The  polyphase  motor  means  a  lower  initial  and  a  lower  main- 
tenance cost  for  the  user;  and  for  the  power  company  it  means 
lower  and  better  balanced  starting  currents  and  less  interference 
with  lighting  service  of  other  customers,  but  on  the  other  hand 
polyphase  motors  mean  greater  line  and  transformer  expense 
(except  in  large  sizes)  and  greater  metering  expense.  Such  a 
rule  as  to  maximtim  size  of  single-phase  and  minimum  size  of 
polyphase  when  once  established  in  a  community  should  be 
strictly  adhered  to,  in  order  to  save  money  both  for  the  company 
and  for  the  small  polyphase  motor  user  when  he  moves  from 
one  street  to  another. 

In  order  to  cut  down  the  starting  current  the  general  practise 
is  to  require  auto  starters  on  single-phase  motors  from  two  h.p. 
up  and  on  polyphase  motors  of  five  h.p.  and  up. 

Many  central  stations  are  apparently  satisfied  to  accept  an 
installation  with  an  automatic  starter  while  others  require 
that  the  starting  device  shall  limit  the  ctirrent  to  a  certain  num- 
ber of  times  the  running  current.  Elevator  and  hoist  motors 
are  sometimes  allowed  a  higher  starting  current  than  motors 
for  general  factory  uses. 

Recently  automatic  self-contained  starting  devices  for  motors 
have  been  marketed  and  have  several  obvious  advantages  and 
prevent  unnecessary  blowing  of  fuses. 

The  objections  are  that  there  is  no  adjustment  by  which  the 
starting  cixrrent  can  be  reduced  for  classes  of  service  where  the 
starting  torque  may  not  be  as  heavy  as  the  average  and  for 
which  the  motor  must  be  designed  in  order  that  it  may  be  adapt- 
able to  all  piu-poses. 

The  general  reqtiirements  for  elevator  motors  are  that  they 
must  be  of  the  wound-rotor  type.  The  device  for  cutting  out 
the  resistance  is  often  mechanical  and  independent  of  the  cur- 
rent drawn  from  the  line  instead  of  being  directly  dependent 
upon  this  current.  It  is  very  generally  of  a  dash  pot  type  which 
in  use  wears  and  works  more  and  more  easily,  so  that  the  motor 
is  ultimately  thrown  across  the  line  before  it  has  reached  speed 
at  all. 

In  order  properly  to  limit  the  starting  current  of  an  elevator 
motor  cutting  out  the  rotor  resistance  should  be  controlled 
by  a  device  dependent  upon  the  reduction  of  the  current  in  the 
feed  wires. 
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Summary  op  Motor  Situation 

In  this  motor  situation  it  might  appear  that  the  manuf  acttirer's 
point  of  view  is  diametrically  opposed  to  that  of  the  central 
station.  The  manufacturer  can  sell  more  motors  if  they  can 
be  made  cheaper,  but  all  the  devices  which  the  central  station 
desires  to  protect  its  lines  from  occasional  excessive  currents 
cost  much  more.  However,  a  broad  view  would  indicate  that 
the  electrical  art  and  industry  will  develop  most  rapidly  and 
permanently  by  assisting  in  keeping  as  low  as  reasonably  pos- 
sible the  rates  for  electricity,  which  cannot  be  done  if  central 
stations  are  put  to  excessive  expense  on  accoimt  of  the  poor 
characteristics  of  the  apparatus  used  by  consumers. 

Miscellaneous  Apparatus 

The  question  of  allowing  miscellaneous  apparatus  other  than 
motors  on  lighting  service  still  seems  to  be  open  and  governed 
largely  by  local  conditions.  Rectifiers,  cooking  stoves,  medical 
apparatus  and  the  like  are  usually  allowed  on  the  lighting  sys- 
tem, except  where  their  use  makes  trouble.  Wireless  apparatus 
is  generally  classed  as  the  most  undesirable  on  account  of  the 
high  frequency  going  back  over  the  lines  and  btwning  out 
meters.  It  is  generally  required  that  this  apparatus  be  sup- 
plied from  a  separate  transformer. 

Various  electric  welding  and  riveting  machines  are  in  use. 
Where  the  primary  lines  have  a  capacity  of  above  100  kw.  these 
welders  or  riveters  when  used  singly  do  not  seem  to  cause  much 
disturbance. 

Consumers'  Service  Wiring 

The  effect  of  having  to  provide  for  the  excessive  current 
required  for  starting  motors  is  that  the  consumer  must  wire, 
for  all  apparattis  other  than  lighting  and  above  \  h.p.,an  in- 
dependent service. 

This  service  is  connected  to  power  mains  which  are  standardized 
at  220  volts.  This  then  makes  it  necessary  to  require  that  all 
motors  of  \  h.p.  and  above  be  made  220-volt. 

In  places  where  practise  has  not  advanced  so  far  as  to  require  a 
separate  power  main,  it  is  also  found  well  to  require  that  all 
motors  of  \  h.p.  and  over  be  made  220-volt,  in  order  to  minimize 
the  starting  current  and  its  effect  on  the  light. 

Emergency  Service 
The  necessity  for  emergency  supply  for  industrial  service  is 
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a  matter  on  which  there  is  much  diversity  of  opinion.  In 
general,  some  emergency  supply  is  justified  when  the  load  factor 
and  demand  are  large  enough  to  bring  the  investment  and 
operating  costs  below  the  average.  Unusual  restrictions  are 
placed  upon  services  for  fire  pumps  by  the  underwriters,  based 
apparently  upon  an  assumption  that  electric  service  is  not  de- 
pendable in  an  emergency.  Continuity  of  service  is  now  so 
well  established  that  it  would  seem  to  be  time  for  a  readjust- 
ment of  these  rules. 

Underground  Service 

The  policy  of  introduction  of  underground  service  from 
undergroimd  lines  by  the  central  station  company  seems  to 
be  tmiform.  There  is  still,  however,  a  divergence  of  opinion 
on  the  question  of  introduction  of  underground  service  from 
overhead  lines.  Some  companies  require  lead-covered  cable 
while  others  are  satisfied  with  rubber-covered  wire.  However, 
the  best  practise  would  seem  to  be  that  the  service  be  installed 
by  the  company.  The  expense  must  be  borne  by  either  party 
according  to  circumstances. 

Relation    of    Consumers*    Apparatus     to     Charges     for 

Service 

It  is  proposed  to  consider  the  effect  of  consiuners*  apparatus 
on  the  charges  for  service.  Rates  are  often  based  upon  a  charge 
for  kilowatt-hours  with  a  minimum  charge  and  discounts  for 
greater  use.  This  minimum  is  usually  based  on  the  rated 
horse  power  connected  to  the  service  or  on  demand  measure- 
ment. 

The  use  of  the  Wright  demand  meter  makes  it  an  advantage 
to  the  consumer  to  have  apparatus  of  high  power  factor,  since 
the  meter  registers  maximum  amperes. 

There  is  on  the  market  a  motor  which  gives  unity  power 
factor  and  thereby  improves  the  general  power  factor  of  the 
system.  Where  such  a  motor  is  available  arrangements  could 
be  made  which  would  either  reward  the  consumer  for  buying 
apparatus  of  good  power  factor  or  penalize  him  for  buying  ap- 
paratus of  poor  power  factor. 

It  would  seem  to  be  well  if  some  system  could  be  worked  out 
for  basing  the  minimum  charge  on  the  starting  current  of  a 
motor  instead  of  on  the  horse  power  rating. 
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If  a  system  of  charges  could  be  instituted  which  would  pen- 
alize the  motor  with  heavy  starting  current  or  exempt  in  some 
degree  the  motor  with  small  starting  current  it  would  appear 
to  be  a  great  advantage  to  both  the  central  station  and  the 

customer. 

Summary 

Generating  and  substation  service  has  now  reached  a  very 
high  plane  of  excellence.  Small  details  of  distribution  tend  to 
interfere  with  the  regulation[and  service  at  the  critical  point  where 
it  is  supplied  to  the  consumer.  , 

The  solution  is  the  placing  of  proper  limitations  on,  and  re- 
qtdring  the  proper  arrangement  of,  consumers*  appaiatus  and 
wiring.  There  is  a  wide  diversity  of  rules  on  this  subject  at 
the  present  time,  but  even  the  best  leave  something  to  be  de- 
sired. 

Therefore,  let  us  look  for  improvement  in  these  rules  so  that 
they  may  call  for  what  is  vital  in  this  matter,  which  affects  not 
only  the  procuring  of  new  customers  but  the  giving  of  good  ser- 
vice to  all. 

APPENDIX    IV.     DIRECT-CURRENT    DISTRIBUTION 
FOR  SURFACE  RAILWAYS— URBAN    SERVICE 

BY  R.  H.  RICE 

Electric  railways  very  frequently  have  energy  ftimished  to 
them  over  high-tension  alternating-current  transmission  lines, 
and  in  this  section  of  the  report  the  substations  are  included 
in  the  distribution  system.  The  component  parts  of  the  dis- 
tribution system  for  urban  street  railway  service  are  then: 

1.  The  converting  equipment  in  the  substation; 

2.  The  positive  system  from  the  substation  switchboard  to 
the  car,  including  feeders  and  trolley  wires; 

3.  The  negative  system,  or  returns,  which  complete  the  elec- 
tric circuit  from  the  car  to  the  substation  negative  bus  and 
include  the  electrical  features  of  the  track. 

The  usual  city  street  railway  system  is  characterized  by  hav- 
ing rather  short  feeding  distances,  large  and  rapidly  fluctuating 
loads,  and  a  wide  variation  in  energy  requirements  at  different 
hours  of  the  day.  Public  demand  is  increasingly  insistent 
upon  quick  and  adequate  service,  better  light  and  more  heat, 
and  this  requires  a  greater  amount  of  energy  to  be  cared  for  in 
the  distribution  system,  and  greater  reliability  in  its  operation. 
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Substation  Equipment 

Substation  equipment  has  become  quite  standardized  and 
various  installations  differ  chiefly  in  arrangement  and  in  minor 
details.  The  equipment  in  a  modem  substation  is  housed  in 
a  well-lighted  and  ventilated  building  constructed  for  this  pur- 
pose. It  should  be  so  arranged  as  to  leave  ample  space  for  mak- 
ing repairs,  and  for  installing  or  removing  parts  as  may  be  neces- 
sary. A  traveling  crane  is  usually  provided  to  facilitate  such 
changes,  but  is  now  frequently  omitted  as  the  standard  modem 
machinery  is  so  reliable  that  it  is  rarely  necessary  to  make  re- 
placements of  parts  requiring  the  use  of  a  crane.  Not  only  is 
there  a  saving  in  the  investment  for  a  crane  but  the  building 
may  be  made  lower  and  the  side  walls  somewhat  lighter,  thus 
making  an  additional  saving.  Frequently  no  heating  plant  is 
installed,  as  the  waste  heat  energy  from  the  machines  is  sufficient 
to  give  a  comfortable  working  temperature. 

The  supply  of  energy  to  a  substation  is  almost  universally 
from  three-phase  high-tension  lines,  and  for  railways  is  of  25 
cycles.  For  city  service  such  high-tension  lines  should  be,  and 
usually  are,  undergroimd,  to  ensiu-e  more  reliable  service  and 
to  prevent  danger  to  the  public  from  exposiu'e  to  high  voltage. 
Conversion  to  direct  ciurent  in  the  substations  is  by  the  univer- 
sally accepted  machine,  the  synchronous  converter.  It  is  de- 
sirable to  have  a  separate  high-tension  line  to  serve  each  con- 
verter when  the  machines  are  of  large  capacity,  and  used  in 
important  city  service.  Switching  arrangements  are  made  to 
use  any  converter  with  any  incoming  line,  so  while  the  normal 
operation  on  the  alternating-current  side  is  by  independent 
units  of  high-tension  line,  transformers,  converters  and  other 
apparatus,  emergency  connections  may  be  made  as  desired  to 
interconnect  the  units.  On  the  direct-current  side  the  convert- 
ers are  operated  in  parallel,  being  connected  to  common  pos- 
itive and  negative  buses. 

The  synchronous  converters  used  for  railway  piu^poses  are 
600- volt  direct-ciuTent,  compound- wound,  and  the  later  machines 
have  commutating  poles.  Just  a  few  years  ago  a  2000-kw. 
unit  was  the  limit  in  size,  but  4000-kw.  machines  are  now  in 
service.  The  cost  of  these  large  machines  is  less  per  kilowatt 
and  they  occupy  but  little  more  space  in  the  substation,  mak- 
ing the  area  per  kilowatt  much  less  than  formerly.  It  is  pos- 
sible to  place  a  4000-kw.  machine  on  the  same  foundations 
formerly  occupied  by  a  2000-kw.   unit.     Care  in  design    has 
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made  this  improvement  possible,  and  the  later  machines  con- 
tain numerous  refinements  in  design  which  in  the  aggregate 
improve  this  class  of  machine  very  materially. 

Switching  is  performed  by  motor-  or  solenoid-operated  oil 
switches  controlled  from  the  main  switchboard,  and  energized 
from  a  low-potential  storage  battery  circuit.  This  battery 
circuit  also  provides  current  for  the  switchboard  and  station 
emergency  lights. 

An  effort  is  made  to  keep  the  power  factor  of  each  station 
unit  as  near  100  per  cent  as  possible.  The  rotary  shunt  field 
and  the  reactance  are  so  adjusted  that  with  a  given  high-tension 
line  voltage  and  direct-current  voltage  the  converters  will 
operate  with  100  per  cent  power  factor  when  fully  loaded.  If 
the  converters  are  operated  under  overload  conditions  there 
will  then  be  a  leading  power  factor,  and  if  operated  under  less 
than  full  load  there  will  be  a  lagging  power  factor.  Most  rail- 
way substations  can  operate  very  near  to  100  per  cent,  and  this 
is  usually  desirable  when  energy  is  piu-chased  from  a  central 
station  company.  In  some  cases  a  penalty  is  attached,  in  the 
way  of  increased  power  cost,  when  the  power  factor  deviates 
from  100  per  cent.* 

The  Positive  Feeder  System 

There  is  not  much  variation  in  practise  among  companies  in 
positive  feeder  distribution.  In  general  the  trolley  line  is  sec- 
tionalized  by  line  breakers  or  section  insulators,  placed  as 
desired,  and  each  section  is  fed  from  a  separate  feeder  panel  in 
the  substation.  This  feeder  is  very  often  composed  of  several 
cables  running  by  different  routes  and  tapping  in  at  different 
points  to  a  distributing  cable  running  along  the  street,  from 
which  feed  taps  are  made  to  the  trolley  wire.  The  above 
"radiar*  system  of  distribution  is  not  so  economical  of  copper 
as  a  "network"  system  in  which  all  of  the  trolley  wires  form  a 
continuous  network  and  the  feeders  fvimish  energy  to  selected 
points  of  the  network.  As  the  load  shifts  from  point  to  point 
all  of  the  trolley  wires  and  distributing  cables  act  as  equalizers 
and  feed  current  to  the  point  needed.  It  is  difficult  to  locate 
trouble  in  an  extensive  network  of  this  kind  and  also  difficult 
to  isolate  the  portion  in  which  the  trouble  occurs,  so  that  this 
method  is  not  in  common  use.     Some  effort  has  been  made  to 

*See  **  Power  Factor  Control  by  Rotary  Converters,"  Nicholas  Stahl, 
Electric  Journal,  December,  1913. 
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utilize  the  advantages  of  a  network  with  the  radial  system  by 
joining  adjacent  trolley  sections  through  fuses  or  circuit  breakers. 
Such  a  method  has  not  been  found  satisfactory  because  it  was 
impossible  to  adjust  the  connection  so  that  it  would  distin- 
guish between  a  heavy  transfer  of  current  from  one  section  to 
another  due  to  shift  of  load,  which  it  should  allow,  and  a  heavy 
flow  of  current  into  a  section  due  to  short  circuit,  which  it  was 
not  intended  to  permit.  As  a  result  these  section  connections 
usually  became  so  unreliable  that  they  could  not  be  depended 
upon  and  were  abandoned.  A  common  practise  at  present  is 
to  provide  knife  switches,  mounted  in  a  pole  box,  which  are 
normally  open,  but  which  may  be  closed  on  each  end  of  a  sec- 
tion if  for  any  reason  the  feeders  to  this  section  become  disabled. 
Such  a  plan  provides  a  quickly  operative  and  convenient  device 
for  ensuring  continuity  of  service,  as  it  is  quite  unlikely  that 
the  two  sections  adjacent  to  a  disabled  section  would  also  be 
out  of  service. 

The  feeders  may  be  underground  or  overhead.  In  the 
lai^est  cities,  and  in  many  of  the  smaller  ones,  the  municipal- 
ities reqtdre  underground  distribution  at  least  in  the  central 
business  district.  The  underground  cables  are  installed  in  tile 
ducts  and  at  frequent  intervals  lateral  connections  are  made 
between  these  cables  and  the  trolley  wire  overhead.  A  typical 
lateral  connection  consists  of  a  tile  duct,  or  fibre-lined  iron  pipe, 
running  from  a  manhole  to  an  adjacent  trolley  pole,  and  con- 
necting with  a  vertical  fibre-lined  pipe  clamped  to  the  pole. 
This  vertical  pipe  should  be  at  least  10  ft.  (3.04  m.)  high,  and 
just  above  its  upper  end  a  switch  box  and  lightning  arrester 
are  attached  to  the  pole  by  means  of  brackets.  The  lateral 
underground  cable  is  run  from  the  manhole  to  and  up  the  pole 
and  connected  to  the  switch.  Between  the  top  of  the  pipe 
and  the  switch  the  cable  should  be  stripped  of  its  lead  sheath, 
taped  and  painted  with  an  insulating  paint,  and  the  top  of  the 
pipe  should  be  capped  with  a  split  wood  plug  which  is  cored  to 
fit  the  size  of  the  cable  used  in  the  lateral.  This  should  be 
done  to  keep  snow  and  rain  out  of  the  pipe. 

The  lightning  arrester  is  attached  to  the  riser  from  the  switch- 
box  and  the  ground  wire  passes  down  through  the  pipe  to  a 
ground  rod  in  the  floor  of  the  manhole,  or  is  attached  to  the  rail. 
The  mode  of  grounding  the  lightning  arrester  is  a  disputed 
point  to  some  extent,  but  undoubtedly  a  good  connection  to 
moist  earth  is  preferable  to  groimding  to  the  rail.     Running 
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the  ground  wire  through  the  lateral  pipe  may  also  f  cause  some 
trouble,  but  this  is  frequently  done,  as  no  better  method  is  usu- 
ally available. 

These  laterals,  although  a  relatively  small  part  of  the  dis- 
tribution system,  may,  if  they  are  improperly  insulated  or  in- 
stalled, become  the  weak  links  which  determine  the  strength 
of  the  whole  distribution  system.  All  cables  should  be  rubber- 
insulated,  the  clamps  holding  the  weatherproof  riser  to  the  pole 
should  have  an  insulating  band  between  them  and  the  pole, 
and  the  cable  should  be  held  in  the  clamp  by  a  split  insulator. 
This  gives  three  insulations  between  the  conductor  and  the  pole 
and  will  practically  prevent  **hot  poles." 

When  the  feeders  are  overhead  the  connection  to  the  feed 
span  is  very  simple,  using  either  a  jumper  or  making  the  span 
up  with  a  tail.  In  this  case  lightning  arresters  are  spaced  along 
the  line  as  local  conditions  demand,  probably  about  five  or  six 
to  the  mile  on  an  average. 

The  most  commonly  used  trolley  line  construction  is  the  stand- 
ard span  supported  on  tubular  two-  or  three-section  steel  poles 
set  at  the  curb  line.  The  span  wire  almost  universally  used 
has  been  galvanized  steel,  but  silicon  bronze  strand  or  copper- 
covered  steel  wire  is  now  meeting  with  considerable  favor.  It 
has  been  found  that  steel  strand  frequently  has  very  short  life, 
especially  in  some  manufacturing  localities  where  atmospheric 
corrosion  is  es]3ccially  pronounced,  and  other  material  resists 
such  corrosion  better  than  steel  strand.  The  span  should  have 
two  insulators  cut  into  it  between  the  trolley  wire  and  the  pole, 
and  these,  with  some  form  of  insulating  hanger  for  the  trolley 
wire,  give  three  insulations  from  wire  to  ground.  Clinch  ears 
are  to  be  jDref erred  to  soldered  ears  and  are  more  frequently  used. 
The  tendency  is  toward  simplicity  in  construction,  but  with 
such  means  as  will  increase  safety  and  reliability. 

Overhead  trolley  special  work  is  an  important  item  in  con- 
struction. There  are  many  complicated  layouts  at  busy  comers, 
and  reliability  of  construction  is  paramount.  Often  with  long 
cars  it  is  necessary  to  set  poles  considerably  back  of  the  curb 
line  to  secure  proper  clearance  on  curves,  and  sometimes  the 
city  authorities  require  that  poles  be  set  back  to  the  building 
line  at  important  corners.  It  is  desirable  to  develop  standard 
layouts  which  are  designed  with  a  minimum  amount  of  overhead 
material,  and  in  which  the  stresses  are  so  balanced  as  to  secure 
reasonable  assurance  of  permanence  in  the  structure.     In  such 
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construction  great  care  must  be  taken  to  align  the  trolley  wire 
so  that  the  trolley  wheel  can  readily  follow  it  without  undue 
restraint. 

In  the  1913  report  of  the  Power  Distribution  Committee  of 
the  American  Electric  Railway  Engineering  Association  may 
be  fotmd  specifications  for  material  and  construction  of  over- 
head trolley  lines.  In  the  various  annual  reports  of  the  Board 
of  Supervising  Engineers  of  Chicago  will  be  found  the  results 
of  numerous  tests  on  trolley  material,  such  as  poles  and  strain 
insulators,  and  also  descriptions  of  special  forms  of  construc- 
tion. One  of  the  most  difficult  things  to  secure  is  a  good  quality 
of  trolley  wire.  High  conductivity  has  been  assumed  as  the 
chief  criterion  in  securing  a  first  quality  wire  and  other  desirable 
qualities  have  been  sacrificed  to  secure  this  one.  For  a  city 
system,  with  dense  traffic,  many  feeders  and  frequent  taps,  the 
conductivity  of  the  trolley  wire  is  not  of  paramount  importance. 
The  qualities  of  toughness  and  high  tensile  strength  are  most 
important  and  it  is  desirable  to  place  an  upper  limit  on  the  con- 
ductivity and  make  the  other  requirements  more  severe  than 
has  usually  been  the  case.  The  particular  qualities  required 
and  the  method  of  securing  them  in  trolley  wire  is  a  subject 
worthy  of  considerable  further  study. 

In  any  street  railway  system  the  load  will  fluctuate  widely 
and  it  is  a  question  of  importance  to  determine  upon  what 
particular  basis  to  design  the  feeder  system.  The  load  factor, 
that  is,  the  ratio  of  the  average  load  during  the  day  to  the  maxi- 
mimi  within  the  period,  is  Usually  from  40  to  50  per  cent  in  an 
ordinary  railway  system.  If  the  feeder  system  is  designed  to 
carry  the  peak  loads  without  an  overload  on  the  cables,  then 
during  a  large  part  of  the  day  the  current  in  the  cables  will  be 
far  below  their  safe  carrying  capacity  and  considerable  copper 
will  be  idle.  On  the  other  hand,  if  the  feeder  system  should  be 
designed  on  a  basis  of  say  a  six-hour  average  load,  then  the 
cables  would  be  subjected  to  large  overloads  for  a  considerable 
period  of  time,  heating  would  occur,  the  cables  would  more 
rapidly  deteriorate,  and  a  shorter  life  would  result.  The  two- 
hotu  average  is  a  good  basis  for  feeder  calculation,  as  the  ordi- 
nary percentage  of  load  in  excess  of  this  value  is  well  within  the 
overload  capacity  of  the  cable,  especially  since  this  excess  load 
lasts  for  such  a  brief  time.  If  this  basis  is  assumed  it  means 
that  the  feeders  will  carry  the  entire  load  without  being  over- 
ipaded,  except  during  twp-hour  morning  and  evening  peaks. 
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The  detailed  method  for  computing  the  feeders  necessary 
for  a  city  system  has  been  ftilly  described  by  the  writer  in  a 
paper  published  in  the  Journal  of  the  Western  Society  of  En- 
gineers of  June  1910,  and  in  the  Second  Annual  Report  of  the 
Board  of  Supervising  Engineers,  Chicago.  Briefly,  the  method 
is  to  determine  from  the  proposed  operating  schedules  the  total 
number  of  cars  required  during  the  "rush  hours,"  and  plot 
them  upon  a  skeleton  map  of  the  system,  thus  making  a  "spot 
map."  The  afternoon  maximum  period  is  usually  the  heaviest 
service  period,  so  that  the  car  distribution  for  two  hours  of  what 
is  styled  the  "p.  m.  rush"  is  used  on  the  map.  On  another 
map  the  trolley  sections  are  indicated  and  the  ntmiber  of  cars 
in  each  section  determined  from  the  spot  map.  This  ntmiber 
of  cars  is  then  multiplied  by  the  previously  determined  amperes 
per  car,  giving  the  current  load  for  each  section,  which  is  placed 
at  the  center  of  load  of  that  section.  The  required  ntmiber 
of  amperes  per  car  should  be  determined  in  all  cases  by  tests 
upon  the  particular  equipment  used  and  service  demanded. 
This  map  is  the  "load  distribution  map"  and  shows  very  clearly 
the  energy  requirements  of  the  system. 

A  study  should  then  be  made  of  the  proper  location  of  sub- 
stations. The  best  probable  locations  and  trolley  sections  for 
each  station  are  selected  and  a  graphical  calculation  of  load 
center  for  each  station  is  made  by  finding  the  combined  center 
of  gravity  of  the  loads  about  each  station.  If  the  station 
locations  chosen  are  not  the  most  economical  for  distribution 
of  copper,  studies  are  made  of  comparative  costs  for  other 
locations  where  the  company  may  have  property  or  where  real 
estate  may  be  obtained  to  advantage.  After  the  station  locations 
are  definitely  settled  and  shown  upon  this  "station  load  center 
diagram"  and  the  sections  to  be  fed  from  each  station  are  de- 
cided upon,  light  radial  lines  are  drawn  on  the  "load  distribution 
map"  from  each  station  to  the  center  of  load  of  each  section, 
which  shows  at  a  glance  just  what  streets  are  fed  from  any  given 
substation.  Because  of  its  appearance  this  modified  "load 
distribution  map"  is  known  as  the  "spider  diagram." 

The  most  desirable  routes  for  the  cables  are  then  determined, 
and  the  distance  from  the  substation  to  the  center  of  load  of 
each  section  is  measiured  on  a  large-scale  map.  After  the  com- 
putation of  the  cable  necessary  for  each  trolley  section  has  been 
made  a  "feeder  diagram"  is  prepared.  This  shows,  by  a  prop- 
erly selected  code,  from  which  substation  each  trolley  section 
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is  fed,  the  number,  size  and  route  of  all  cables,  and  whether  the 
cable  is  underground  or  overhead. 

The  calculation  of  the  size  of  feeders  to  serve  any  given  trolley 
section  depends  upon  four  elements: 

1.  The  load  in  amperes  upon  the  section. 

2.  The  distance  of  the  section  from  the  station. 

3.  The  allowable  drop  in  the  feeders. 

4.  The  current-carrying  capacity  of  the  cables. 

It  is  desirable  to  limit  the  cables  used  to  a  few  sizes  only 
which  may  be  kept  in  stock.  The  labor  cost  of  replacing  cables 
is  practically  independent  of  the  size,  and  the  larger  sizes  are 
thus  more  economical  than  the  smaller.  For  underground 
cables  the  1,000,000-circular  mil  size  is  a  desirable  maximum 
as  it  is  readily  installed  in  a  standard  3  or  3J-in.  (7.6  or  8.9-cm.) 
duct,  in  lengths  convenient  for  handling.  The  current-carry- 
ing capacity  of  a  cable  does  not  increase  as  rapidly  as  its  cross- 
section,  because  of  the  inability  of  the  cable  to  radiate  the  heat 
developed.  A  great  deal  of  study  has  been  made  upon  the  carry- 
ing capacity  of  cables,  but  no  very  definite  knowledge  has  been 
obtained,  or  at  least  made  public,  upon  the  safe  capacity  of 
cables  of  various  sizes  and  kinds  in  ducts  constructed  in  ordi- 
nary street  soil.  A  carefully  conducted  series  of  tests,  having 
this  end  in  view,  would  be  very  desirable.  In  overhead  lines 
the  maximum  size  of  cables  is  determined  almost  entirely 
by  the  weight  of  cable  it  is  convenient  to  pull  over  the  cross- 
arms  and  to  handle  upon  the  poles.  Probably  the  most  common 
size  in  city  service  is  500,000  circular  mils. 

The  allowable  drop  in  a  feeder  may  be  of  any  value  desired 
and  it  is  not  usually  fixed  at  the  most  economical  value.  For 
a  city  system  subjected  to  large  peak  loads  a  small  drop,  even 
at  peak  loads,  is  desirable  even  though  it  is  not  economical  with 
respect  to  feeder  investment,  because  it  is  important  to  operate 
the  car  motors  at  approximately  their  rated  voltage,  and  the 
public  requires  good  illumination  in  the  cars,  which  cannot  be 
secured  with  a  fluctuating  voltage.  A  value  of  10  per  cent 
positive  line  drop  under  peak  load  conditions  is  not  too  good 
a  standard  to  set,  as  this  means  a  60- volt  drop  on  the  common 
600- volt  system.  Even  this  is  too  large  a  drop  to  allow  unless 
the  negative  retimi  circuit  is  also  designed  for  a  small  drop. 

The  load  on  the  trolley  section,  and  the  route  of  the  cables, 
have  been  determined  as  previously  explained.  It  is  only  neces- 
sary to  measure  the  feeding  distance  on  a  large-scale  map  and 
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then  the  elements  of  the  computation  are  all  known.  The 
first  step  is  to  select  the  size  of  cable  necessary  to  carry  the  load, 
and  then  compute  the  drop.  In  general  for  those  sections 
near  the  substation  the  cable  size  fixed  by  current-carrying 
capacity  is  the  proper  size  to  use,  but  for  the  more  distant  sec- 
tions the  voltage  drop  limitation  may  require  an  increase  in 
cable  size.  To  make  such  calculations  readily  a  chart  may  be 
used  in  which  are  curved  lines  of  constant  product,  and  super- 
imposed upon  these  are  radial  lines  showing  the  relation  between 
distance  and  drop  for  various  sizes  of  cables.  Numerous  other 
means  have  been  devised  for  making  the  same  calculations, 
but  unless  there  is  a  great  deal  of  computation  to  be  done  at 
one  time  special  methods  are  not  needed. 

When  a  nvunber  of  stations  furnish  energy  to  a  city  system, 
each  station  has  a  feeding  district  of  its  own  and  may  operate 
independently  of  every  other.  But  it  is  usually  advisable  to 
operate  such  stations  in  parallel  so  as  to  distribute  the  load 
and  to  have  the  benefit  of  assistance  from  other  stations  ad- 
jacent if  any  one  is  partially  or  wholly  disabled. 

Theoretically,  the  best  manner  of  accomplishing  this  is  to 
provide  direct  equalizing  ties  between  the  positive  buses  of  the 
stations  just  as  machines  are  equalized  in  a  station.  The  ob- 
jection to  this  is  the  large  cost  of  the  cable  which  is  necessary, 
and  which  is  not  utilized  directly  in  furnishing  current  to  the 
cars.  Essentially  the  same  result  may  be  accomplished  by  feed- 
ing a  number  of  the  more  important  trolley  sections  from  two 
separate  substations  in  such  a  way  that  in  case  of  the  shut- 
down of  one  station  or  of  accident  to  one  feeder,  the  cars  on  these 
sections  could  still  be  operated  from  the  second  station.  These 
are  designated  as  "tie-sections,"  and  in  addition  to  the  above 
advantages,  the  feeders  are  so  proportioned  and  calculated  that 
on  the  whole  system,  in  case  of  the  shut-down  of  one  or  two 
stations,  the  cars  on  the  more  important  sections  can  be  operated 
from  the  remaining  stations  by  interconnecting  through  these 
tie  sections.  The  amount  of  energy  drawn  over  these  tie  lines 
is  regulated  both  by  the  relative  resistance  of  the  cables  and  by 
voltage  control  in  the  stations.  This  tie  line  system  represents 
in  a  measure  the  factor  of  safety  necessary  for  successful  opera- 
tion. The  number  of  such  lines  varies  with  the  importance 
of  the  stations  and  the  density  of  traffic  on  the  individual  sec- 
tions fed  from  them. 
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The  Return  System 

The  design  of  any  overhead  trolley  system  naturally  involves 
provision  for  as  direct  a  return  of  current  as  possible  to  the 
negative  station  busbar.  Practically  all  city  railway  systems 
use  grounded  return  circuits,  the  negative  side  of  the  distri- 
bution system  being  connected  to  ground.  Although  utilizing 
the  full  carrying  capacity  of  the  track  rails  insures  that  the 
greater  part  of  the  return  current  will  follow  this  path,  a  certain 
proportion  may  reach  other  metallic  underground  structures 
which  happen  to  offer  another  return  path  to  the  locality  of  the 
substations.  It  is  very  desirable  to  limit  these  "stray  currents'* 
to  a  small  value  in  order  to  reduce  the  possibility  of  electrolytic 
damage  to  a  minimum.  Another  decided  advantage  in  mak- 
ing the  return  circuit  very  good  is  of  course  to  reduce  the  energy 
losses.  It  is  too  often  the  case  that  the  return  circuits,  except 
possibly  for  rail  bonding,  are  almost  wholly  neglected,  while 
the  positive  system  is  carefully  planned  and  constructed.  A 
poorly  built  negative  system  does  not  jeopardize  life  or  cause 
delays  to  the  same  extent  as  similar  neglect  in  the  positive  sys- 
tem would  do,  but  elements  of  danger  and  loss  are  present 
which  should  under  no  circumstances  be  neglected.  Negative 
feeders  are  unlike  positives  in  that  the  cables  form  a  network 
all  connected  to  the  tracks,  instead  of  a  group  of  independent 
cables  running  to  unconnected  portions  of  the  trolley  wires. 
The  earliest  form  of  return  circuit  was  the  rails  only,  which  were 
bonded  at  the  joints,  and  later  a  connection  was  made  at  the 
power  station  between  the  rails  and  the  negative  bus.  As  the 
loads  and  distances  increased  the  drop  became  excessive  on  these 
simple  track  circuits,  and  supplementary  conductors  were 
provided  to  reduce  the  drops.  The  simplest  method  of  doing 
this  is  to  provide  return  conductors  in  parallel  with  the  rails, 
and  in  such  sizes  as  to  reduce  the  return  drop  to  the  required 
amount.  As  approach  is  made  to  the  substation  the  curreitt 
increases,  due  to  the  accumulated  load,  and  in  order  to  keep 
the  return  circuit  from  being  overloaded  the  supplementary 
conductors  must  be  increased  more  and  more  the  nearer  the  ap- 
proach to  the  power  station.  The  amount  of  such  supplemen- 
tary copper  necessary  is  computed  from  the  allowable  maxi- 
mum return  drop. 

It  is  difficult  to  make  a  calculation  for  this  supplementary 
copfxjr  in  the  case  of  a  city  system  whose  tracks  form  a  com- 
plicated network  of  conductors.     But  it  can  be  done  by  assum- 
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ing  the  load  distribution  as  in  the  positive  feeder  calculations 
and  applying  Kirchoff's  laws  to  each  element  of  the  network 
formed  by  the  intersecting  tracks.  The  track  lengths,  con- 
ductivity, and  loading  being  known,  the  drops  may  be  found. 
If  the  drops  must  be  reduced,  this  may  be  done  by  reinforcing 
the  track  circuits  by  additional  copper. 

In  a  grounded  system,  using  the  rails  and  supplementary 
copper  for  returns,  in  order  to  secure  the  full  benefit  of  the  sup- 
plementary copper  it  is  necessary  to  connect  the  tracks  fre- 
quently to  this  copper.  This  bond  serves  as  an  equalizer  between 
tracks  and  enables  the  full  track  and  cable  conductivity  to  be 
utilized  when  the  load  is  all  on  one  track  as  well  as  when  evenly 
distributed.  The  supplementary  copper  should  be  run  through 
all  special  work  and  directly  to  the  negative  busbar.  Where 
two  cables  cross,  as  at  intersections,  they  should  be  electrically 
connected  so  that  their  equalizing  effect  may  be  realized.  All 
rails  on  straight  track  should  be  at  least  well  bonded,  and  pre- 
ferably welded,  so  as  to  make  the  joint  as  good  a  conductor  as 
the  stock  rail.  At  track  special  work,  such  as  intersections, 
curves  or  crossovers,  it  is  not  usually  feasible  to  weld  at  the  rail 
joints,  and  the  special  work  may  thus  be  cut  off  from  good  elec- 
trical connection  with  the  tangent  track.  To  preserve  the  con- 
ductivity of  the  track  circuit,  special  work  cables  are  run  through 
the  special  work  and  welded  to  the  tangent  track  at  each  end. 
The  value  of  the  return  circuit  thus  does  not  depend  upon  the 
special  work  rails,  which  may  be  removed  without  materially 
affecting  the  conductivity.  Further  details  of  such  a  system, 
and  the  results  of  tests  on  cable  and  bond  terminals  used  as  out- 
lined above,  may  be  found  in  the  Third  Annual  Report  of  the 
Board  of  Supervising  Engineers,  Chicago,  1909. 

The  * 'insulated  return  svstem"  is  another  method  of  con- 
structing  a  railway  return  circuit.  In  this  the  return  current 
is. taken  from  the  track  circuit  at  various  points,  selected  so  as 
to  maintain  the  track  drop  within  any  desired  limits.  The 
drop  on  the  insulated  cables  may  be  of  any  amount  up  to  the 
value  which  will  cause  the  current  to  equal  the  carrying  ca- 
pacity of  the  cable,  and  the  drop  may  or  may  not  be  of  the  same 
value  on  all  the  cables.  The  tendency  will  be  for  the  shorter 
cables  near  the  substation  to  become  overloaded  and  some- 
times a  resistance  must  be  inserted  in  these  cables  to  limit  the 
current  and  make  the  drop  approximately  equal  to  that  on  the 
other  cables.     It  is  possible  to  use  negative  boosters  with  these 


1914]  DISTRIBUTION  OF  ELECTRICAL  ENERGY  261 

insulated  returns,  but  they  add  much  to  the  operating  diflScul- 
ties,  and  have  found  no  favor  in  this  country.  The  insulated 
retium  system  has  been  used  much  more  extensively  in  Euro- 
pean countries  than  here.  Two  papers*  bearing  especially  upon 
this  subject  have  been  presented  by  Messrs.  J.  G.  and  R.  G. 
Cunliffe  and  appear  in  the  Journal  of  the  Institution  of  Elec- 
trical Engineers. 

Numerous  matters  of  interest  have  not  been  touched  upon 
in  this  report,  but  an  attempt  has  been  made  to  cover  the  fund- 
amentals and  to  record  good  modern  practise.  Some  important 
matters  of  design,  such  as  the  most  economical  ntunber  of  sub- 
stations, their  location,  and  the  maximum  economical  feeding 
distance,  have  not  been  discussed.  Other  matters  of  less  the- 
oretical character  offer  equal  opportunities  for  investigation — 
such  as  the  possibility  of  using  higher  voltage  in  operation,  and 
the  use  of  some  form  of  three- wire  system. 

APPENDIX    V.     DIRECT-CURRENT     DISTRIBUTION 
FOR  UNDERGROUND  AND  ELEVATED  RAILWAYS 

BY    E.    J.    BLAIR 

The  term  "underground  and  elevated  railways'*  used  in  the 
title  of  this  report  refers  only  to  such  railways  when  used  for 
passenger  service  in  large  urban  centers.  The  word  subways 
may  be  substituted  for  "underground  railways'*  to  make  the 
meaning  more  clear. 

The  railways  of  this  description  at  present  in  operation  or 
under  construction  in  the  United  States  distribute  direct-current 
energy  at  approximately  600  volts  bus  pressure,  using  in  general 
a  third  rail  for  the  working  positive  conductor  and  the  track 
rails  reinforced  by  other  conductors  for  the  return  circuit. 
Therefore  this  type  will  be  given  specific  attention,  although 
before  passing  to  the  details,  mention  will  be  made  of  other 
methods  of  distribution. 

With  the  same  type  of  distribution  there  is  of  course  the 
possibility  of  increasing  the  potential.  This  would  not  seem 
desirable,  thereby  causing  a  departure  from  the  established 
equipment  standards,  because  for  subways  and  elevated  roads 
the  density  of  loading  will  always  be  rather  heavy  on  account 
of  the  class  of  service.  This  necessitates  numerous  distribu- 
ting points,  and  on  the  other  hand  the  length  of  feeding  will 

♦"Electric  Traction  Vagabond  Currents,"  Vol.  43,  Part  197  (1909), 
and  "  Tramway  Feeding  Networks,"   Vol.  60,  Part  219  (1913). 
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never  be  very  long,  so  that  600  volts  bus  pressure  can  be  ac- 
cepted as  good  practise  and  the  advantage  of  higher  pressure 
would  not  offset  the  disadvantages.  For  the  same  reasons, 
no  time  will  be  spent  in  discussing  the  matter  of  alternating 
current. 

Passing  to  other  types  of  direct-current  distribution,  several 
modifications  of  a  three-wire  system  are  used  in  different  parts 
of  Europe.  The  most  radical  of  these  is  the  method  used  in  the 
subway  of  the  City  and  South  London  Railroad,  which  is  a 
double-track  tube  using  the  third-rail  conductors  of  the  two 
tracks  as  the  outside  wires  of  the  circuit  and  the  running  rail 
as  the  middle  or  neutral  wire.  This  of  course  has  the  effect  of 
minimizing  the  current  flow  in  the  track  rail  and  thereby  elim- 
inating trouble  from  stray  currents.  However,  such  a  method 
is  only  possible  with  a  small  and  simple  system,  wherein  the 
current  loads  are  practically  balanced  between  the  two  tracks. 
Another  similar  method  is  that  used  in  the  Nord-Sud  subway 
in  Paris,  where  a  third  rail  is  used  for  one  side  of  the  circuit 
and  an  overhead  trolley  wire  for  the  other  side  with  1200  volts 
between  the  two  and  600  volts  from  either  to  the  track  rail. 
This  method  would  seem  to  be  preferable  to  that  of  the  City 
and  South  London,  since  it  is  not  necessary  to  balance  one 
track  against  the  other.  It  also  is  used  for  the  purpose  of  elim- 
inating stray  currents  from  the  grounded  track  rail,  by  reduc- 
ing the  current  in  the  track  rail. 

In  London  in  most  of  the  subways  and  tubes  a  fourth  rail 
is  used  for  the  negative  conductor,  placed  on  the  opposite  side 
of  the  track  from  the  third  rail  or  more  generally  in  the  center 
of  the  track.  This  scheme  of  course  entirely  eliminates  the 
difficulties  from  stray  currents  from  a  grounded  track  rail, 
since  both  sides  of  the  circuit  are  insulated.  It  introduces 
operating  difficulties  due  to  the  addition  of  the  fourth  rail, 
especially  when  one  side  of  the  circuit  becomes  grounded,  as 
sometimes  the  results  react  upon  equipment  at  distant  parts 
of  the  line.  It  also  adds  to  the  burdens  of  maintenance,  and 
complicates  construction,  especially  at  cross-overs  and  switches. 
Such  a  system  is  quite  necessary  in  London  on  account  of  the 
severe  limitations  of  return  circuit  drop  imposed  by  the  British 
Board  of  Trade  when  grounded  conductors  are  used.  With 
ordinary  care  the  drop  in  track  rail  return  circuits  in  the  class 
of  service  under  discussion  may  be  kept  within  such  bounds  as 
will  not  cause  electrolytic  damage,  and  therefore  to  resort  to 
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the  foiirth  rail  would  not  seem  necessary  unless  municipal 
regulations  exact  it  or  unless  for  any  given  condition  good  en- 
gineering economy  justifies  it.  However,  in  laying  out  a  new 
system  it  would  always  be  well  to  weigh  carefully  the  merits 
and  costs  of  the  fourth  rail  system  against  the  method  of  track 
rail  return  with  its   necessary  auxiliary  copper. 

The  type  of  construction  common  in  the  United  States, 
namely  the  third  rail  with  track  rail  return,  is  the  particular 
object  of  study  of  this  paper,  since  it  is  most  common  and  more 
nearly  meets  all  conditions.  Where  traffic  is  so  dense  as  to 
require  the  construction  of  an  expensive  subway  or  elevated 
railroad,  then  the  distribution  must  be  laid  out  in  such  a  way 
as  to  fulfill  the  following  conditions,  namely: 

a.  The    maximum    of    reliability. 

b.  Ability  to  care  for  peak  loads  out  of  all  proportion  to 
mean   requirements. 

c.  Heavy  currents  per  train  unit,  and  such  close  headway 
that  extreme  current  densities  obtain  per  mile  of  track. 

In  laying  out  such  a  system,  therefore,  the  problems  of  size 
and  amount  of  conductors,  etc.,  are  the  least  difficult  for  the 
engineer  to  solve,  and  the  most  important  feature  to  be  consid- 
ered is  that  of  simplicity  and  perfection  of  operation.  The  tend- 
ency has  been  to  lay  too  much  stress  on  the  former  and  not 
enough  on  the  latter.  The  methods  of  computation  for  feeder 
sizes,  etc.,  described  in  that  portion  of  the  report  given  over 
to  surface  car  systems,  may  be  applied  to  some  extent  to  cal- 
culations for  elevated  and  subway  work.  In  considering  the 
operating  features  we  find  that  the  arrangement  and  division  of 
the  electrical  distribution  with  respect  to  the  track,  or  what  is 
called  sectionalizing,  is  worthy  of  the  most  careful  attention. 

An  elevated  or  underground  railway  is,  generally  speaking, 
not  composed  of  the  complicated  network  of  tracks  and  line 
distribution  that  is  found  on  a  surface  car  system  in  a  large 
city.  In  other  words,  the  current  is  distributed  from  substations 
or  power  stations  in  a  straight  line  on  both  sides  of  the  station, 
whereas  for  surface  car  systems  the  distribution  radiates  in  all 
directions  from  substations.  The  fact  that  we  have  no  net- 
works to  consider  makes  positive  and  negative  distribution  a 
much  more  simple  task  from  the  purely  electrical  engineering 
viewpoint,  than  is  the  case  on  surface  roads.  There  seems 
to  have  been  a  tendency,  however,  to  follow  their  precedents 
originally  in  methods  of  sectionalization,   especially  as  to  the 
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matter  of  connecting  both  tracks  of  a  double-track  road  to  the 
same  electrical  section.  This  scheme  may  have  its  advantages 
in  economy  of  distribution,  but  its  great  disadvantages  from  an 
operating  point  of  view  more  than  outweigh  such  advantage. 
In  effect  it  makes  a  single-track  railway  out  of  what  shotild  be 
a  double- track  road. 

Investigation  has  been  made  of  several  properties,  each  hav- 
ing different  methods  of  sectionalization  and  all  of  them  fairly 
typical  of  conditions  throughout  the  coimtry.  One  of  the 
methods  is  that  described  above,  namely,  both  tracks  being 
tied  together.     In  another  case  a  large  part  of  the  railroad  is 
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connected  on  one  common  system  of  feeders,  and  switches  every 
few  thousand  feet  along  the  track  are  employed  for  isolating 
parts  that  are  in  trouble.  This  system  is  even  more  difficult 
to  operate  than  the  other.  Still  another  system,  and  the  best 
of  the  three,  separates  the  two  tracks  from  each  other  and  also 
breaks  the  system  up  longitudinally  at  intervals.  This  latter 
system  employs  practically  no  track  switches  and  therefore 
puts  all  section  circuit  breakers  and  switches  on  the  switch- 
board in  the  power  house  or  substation. 

The  diagrams  shown  in  Fig.  9  typify  these  three  systems  of 
sectionalizing,  with  a  fourth  that  is  more  nearly  the  ideal  one. 
In  each  diagram  a  double -track  road  with  no  branches  and  with 
two  substations  is  used  to  illustrate. 
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Fig.  9a  is  the  system  with  the  two  tracks  connected  together 
on  the  same  feeder  cables  and  hence  on  the  same  circuit  breaker 
or  breakers  in  the  substation.  It  is  divided  lengthwise  at 
points  opposite  the  substations  and  at  a  point  half  way  between 
the  two.  At  this  latter  location  switches  or  circuit  breakers 
are  installed.  Thus  there  are  four  sections  shown.  Of  course 
in  many  instances  there  may  be  additional  sections  on  the  ends, 
with  independent  feeders.  This  system  uses  the  conductivity 
to  good  advantage,  but  it  is  at  once  apparent  that  a  short  cir- 
cuit of  either  momentary  or  prolonged  duration  on  either  track 
affects  the  other  track  and  causes  operation  in  both  directions 
to  cease. 

Fig.  9b  shows  both  substations  feeding  in  on  a  common  bus, 
that  is,  all  feeder  cables  and  conductor  rails  are  connected  in 
one  general  section.  This  also  is  very  economical  of  copper, 
but  usually  necessitates  several  circuit  breakers  being  in  parallel 
on  the  distributing  board,  a  condition  which  in  itself  is  undesir- 
able. To  give  an  opportunity  to  isolate  trouble,  either  track 
switches  or  track  circuit  breakers  are  installed  at  intervals  of 
a  few  thousand  feet.  The  track  circuit  breakers,  to  be  effective 
quickly,  both  on  opening  and  closing,  should  be  controlled 
from  the  substation.  In  either  event,  whether  they  are  remote- 
control  or  simple  circuit  breakers,  a  large  amount  of  mainten- 
ance is  entailed  on  account  of  the  nimiber  involved,  and  the  fact 
that  they  are  not  under  the  eye  of  an  attendant.  It  has  been 
found  desirable  on  one  road  to  eliminate  the  automatic  circuit 
breakers  and  rely  on  switches  only.  Even  with  the  circuit 
breakers,  a  heavy  short  circuit  is  apt  to  open  the  entire  section 
at  the  substation.  With  such  circuit  breakers  of  the  ordinary 
simple  type  it  is  also  quite  likely  that  one  may  open  and  leave 
its  particular  sub-section  dead  until  such  time  as  some  one 
closes  it,  which  usually  involves  a  little  delay.  All  things  con- 
sidered, it  is  felt  that  such  a  layout  is  even  less  desirable  than 
that  shown  in  Fig.  9a,  since  there  is  no  sectionalization  directly 
under  the  control  of  a  skilled  attendant,  unless  the  remote  con- 
trol feature  with  its  complications  is  resorted  to. 

In  Fig.  9c  the  tracks  are  separated  from  one  another  and  each 
track  is  sectionalized  longitudinally,  opposite  the  substation. 
Additional  division  may  be  had  at  as  many  points  as  may  be 
desired  alon^  the  track,  necessitating^  additional  feeder  cables 
and  panels.  However,  the  substations  will  usually  be  suf- 
ficiently near  together  to  do  away  with  the  necessity  for  this  ad- 
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ditional  division.  It  will  be  noted  that  the  sections  between 
the  two  substations  are  common  to  both  or  are  "tie  sections." 
This  may  be  done  either  solidly  or  through  switches  or  circuit 
breakers.  This  method  is  not  as  economical  of  copper  as  that 
of  Fig.  9a  or  9b,  but  is  very  satisfactory  from  an  operating 
point  of  view.  The  only  bad  feature  is  the  two  substations 
feeding  into  the  common  sections,  making  it  necessary  to  get 
both  ends  open  in  case  of  trouble.  It  has  sometimes  been  found 
advisable,  in  order  to  secure  better  economy  of  distribution, 
to  connect  the  two  tracks  together  through  equalizing  circuit 
breakers.  This,  however,  adds  another  complication  when 
quick  opening  is  desired.  In  general  a  system  of  this  sort  oper- 
ates very  satisfactorily. 

Fig.  9d  differs  very  little  from  the  scheme  shown  in  Fig.  9c 
and  is  the  ideal  to  be  worked  toward.  The  "tie  sections"  are 
connected  through  circuit  breakers,  preferably  remotely  con- 
trolled by  one  of  the  substation  operators,  or,  if  at  a  location 
convenient  to  interlocking  tower  or  dispatcher's  oflSce,  by  the 
attendant  at  such  places.  Sometimes  the  use  of  a  circuit  breaker 
with  a  no-voltage  release  is  all  that  is  necessary.  It  may  seem 
that  "tie  sections*'  are  not  necessary,  but  in  actual  practise 
they  arc  very  desirable,  since  they  permit  of  the  shutting  down 
of  certain  substations  during  very  light  load  hours,  and  in 
addition  they  permit  continuous  operation  of  the  road  in  case 
of  accident  to  machinery  in  any  one  substation. 

Such  a  system  may  be  amplified  by  the  addition  of  track 
switches  or  even  circuit  breakers  where  sub-sections  are  de- 
sired. It  is  believed,  however,  that  good  results  will  be  obtained 
without  either  and  that  the  switches  without  the  circuit  breakers 
will  usually  be  all  that  is  necessary.  With  the  system  shown 
in  Fig.  9d  in  mind,  it  will  be  well  to  go  into  one  or  two  general 
considerations.  First,  how  big  should  such  sections  be?  This 
of  course  will  depend  upon  several  factors,  the  first  of  which  is 
the  geographical  layout  of  the  railroad.  This  consideration 
has  its  effect  on  the  location  of  substations  and  the  consequent 
distance  between  them.  Extremely  large  substations  for 
elevated  and  subway  work  should  be  avoided  and  consequently 
this  means  numerous  substations.  This  belief  is  founded  more 
particularly  on  return  circuit  conditions  than  on  positive  con- 
ditions. For  a  substation  feeding  two  tracks  and  in  two  di- 
rections only,  it  would  seem  undesirable  to  go  much  higher  than 
5000  kw.  in  capacity.     Where  the  feed  is  in  four  or  six  directions, 
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as  may  readily  occur  at  junction  points,  the  capacity  should 
not  exceed  10,000  kw.  This  statement  of  course  does  not 
necessarily  apply  to  what  are  called  joint  substations,  where 
different  classes  of  surface  and  elevated  or  subway  loads  are 
handled.  Asstmiing  a  single  line  of  double -track  road  served 
by  5000-kw.  substations,  it  will  readily  be  seen  that  in  heavy 
elevated  or  subway  service  such  stations  will  not  be  so  far  apart 
as  to  make  "tie  sections"  very  long.  On  the  extreme  ends  of 
such  systems  single  sections  (not  tie)  should  not  be  permitted 
to  exceed  two  miles  (3.2  km.)  in  length.  This  would  mean  a 
maximum  of  four  miles  (6.4  km.)  for  '*tie  sections."  Of  course 
with  the  usual  elevated  and  subway  service  the  sections  would 
be  of  much  less  extent,  if  the  size  of  substations  were  restricted 
to  5000  kw.  The  other  restriction  on  the  size  of  sections  is, 
of  course,  that  of  load.  Each  section  should  be  served  by  only 
one  circuit  breaker  per  switchboard  to  give  the  best  results, 
and  it  is  not  desirable  in  railway  service  to  run  circuit  breaker 
sizes  much  above  4000  amperes,  and  3000  is  better.  The 
former  size  will  permit  of  an  overload  setting  of  8000  amperes, 
which  shotdd  be  ample  for  any  one  section. 

To  siunmarize,  the  single  sections  should  be  restricted  in  size 
to  a  mean  load,  during  heavy  periods,  of  4000  amperes,  and  to 
a  maximum  length  of  two  miles. 

With  sections  limited  as  above,  track  switches  or  track  cir- 
cuit breakers  would  be  necessary  only  when  isolation  of  short 
pieces  of  track  is  required.  In  subways  this  feature  adds  some- 
what to  the  factor  of  safety  to  the  public,  and  is  even  further 
carried  out  by  providing  means  so  that  any  motorman  or  other 
employee  can  instantaneously  cut  off  the  power  by  pulling  a 
nearby  box  or  cord.  Certain  municipalities  require  sub-divi- 
sion into  very  short  lengths  in  order  fully  to  protect  the  public. 

In  dividing  a  railroad  up  into  sections,  due  regard  must  be 
given  to  the  point  of  separation  of  sections.  In  general  the  open- 
ing between  two  sections  should  not  be  closed  by  a  car  in  pass- 
ing over  it.  That  is  to  say,  one  collector  shoe  must  not  be 
on  one  section  while  the  other  shoe  is  on  the  adjacent  section. 
With  certain  types  of  equipment  when  trains  are  "bus-coupled" 
it  is  impossible  to  avoid  this.  Where  gaps  between  sections 
are  apt  to  be  "bridged"  or  closed  by  a  car  or  a  train,  it  is  quite 
essential  to  keep  the  voltage  the  same  on  either  side  of  the  gap. 
It  is  desirable  so  to  locate  the  gaps  between  sections  that  they 
will  occur  at  points  where  motornien  are  normally  not  draw- 
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ing  power.    A  little  care  in  the  selection  of  gap  points  will 

materially   improve   operation   of   the   car   equipment.     It   is 

needless  to  say  that  from  this  point  of  view  it  is  disirable  to 

have  as  few  gaps  as  possible.  In  sectionalizing,  too  much  emphasis 

cannot  be  placed  on  simplicity  in  the  switching  arrangements, 

since  this  makes  for  speed  in  handling  emergencies. 

Complicated  track  junctions  can  best  be  handled  as  individual 

sections  from  the  substation.     There  is  always  a  tower  at  such 

places  which  affords  an  opportunity  to  further  subdivide  the 

junction  through  circuit  breakers,  so  that  in  case  of  trouble 

at  any  given  point,  the  towerman  can  immediately  isolate  it. 

This  is  of  course  carrying  out  the  track  switch  idea  to  a  certain 

extent. 

Construction  Methods  and  Materials 

Briefly  stated,  it  is  not  good  practise  to  use  third-rail  con- 
ductors that  are  too  light  in  weight,  since  they  are  much  more 
difficult  to  maintain  in  substantial  fashion.  Further,  it  is  not 
good  to  have  third  rails  that  are  not  reinforced  by  auxiliary 
copper.  There  is  a  temptation  to  run  up  the  weight  and  con- 
ductivity of  the  third  rail  and  not  add  the  copper  on  certain 
outlying  sections.  In  such  cases,  where  breaks  in  the  bonds 
around  third -rail  joints  occur,  it  will  be  seen  that  without  the 
copper  to  carry  the  current,  a  part  of  a  section  may  become 
absolutely  dead.  So  that,  even  if  for  regulation  no  auxiliary 
copper  is  required,  it  is  a  good  thing  from  the  emergenc}'  side, 
and  even  a  small  copper  conductor  will  be  worth  while  to  instu*e 
reliability.  If  such  a  thing  is  not  used  an  emergency  switch 
to  cut  in  and  obtain  a  back  feed  from  another  section  is  many 
times  quite  worth  while. 

One  of  the  distinct  advantages  to  be  obtained  from  a  system 
such  as  Fig.  9c  which  does  not  use  track  switches  is,  that  all 
the  conductivity  of  the  third  rail  is  brought  into  play  as  part 
of   the    feeder   system. 

Substation  construction  for  elevated  and  subway  service  is 
almost  identical  with  that  for  city  surface  car  lines.  This  has 
been  covered  in  that  part  of  the  report  dealing  with  the  latter 
type  of  railways. 

Return  Circuits 

This  subject  is  such  an  important  one  that  it  hardly  seems 
advisable  to  attempt  to  treat  it  as  part  of  a  general  paper  on 
distribution.  Furthermore,  it  seems  probable  that  more  defi- 
nite conclusions  on  the  subject  will  be  arrived  at,  shortly,  than 
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have  been  existent  before,  on  account  of  the  combined  efforts 
of  the  various  engineering  associations.  Suffice  it  to  say  that 
with  grounded  conductors  such  as  are  used  in  most  of  the  pres- 
ent systems,  great  care  must  be  used  to  keep  within  proper 
bounds  the  potential  differences  along  such  conductors.  This 
is  what  makes  it  essential  to  resort  to  smaJl  and  numerous  sub- 
stations. In  most  cases  it  is  not  necessary  to  insulate  the  neg- 
ative conductors,  but  with  grounded  conductors  one  good  way 
to  limit  the  drop  is  by  the  use  of  insulated  negative  feeders. 
Such  an  installation  has  a  more  direct  application  and  is  more 
necessary  in  subway  work  than  on  elevated  lines.  Certain 
it  is  that  not  enough  attention  has  been  paid  to  the  negative 
circuit  in  past  installations. 

APPENDIX    VI.      DIRECT-CURRENT    DISTRIBUTION 
FOR    INTERURBAN    AND   STEAM    RAILROADS 

BY  W.  G.  CARLTON 

Prior  to  1906,  practically  all  direct-current  operation  on  in- 
terurban  or  steam  railroads  in  the  United  States  was  at  po- 
tentials of  approximately  600  volts.  In  general,  power  was  dis- 
tributed through  an  ordinary  overhead  trolley  wire,  this  being 
reinforced  by  such  additional  feeders  as  were  necessary.  In 
a  few  cases  power  was  distributed  through  third  rails,  the  ar- 
rangement of  third  rail  being  practically  the  same  as  used  on 
elevated  and  subway  lines  in  the  large  cities.  There  was  no 
electric  operation  of  heavy  trains  on  any  of  the  steam  railroads 
with  the  exception  of  the  Baltimore  &  Ohio  Railroad,  at  Balti- 
more, which  operated  trains  through  a  tunnel  at  slow  speed 
and  for  a  short  distance. 

In  1906  the  New  York  Central  &  Hudson  River  Railroad 
and  the  Long  Island  Railroad  began  changing  over  from  steam 
to  electric  service  in  and  near  New  York  City.  The  Pennsyl- 
vania Railroad  began  electric  operation  through  its  tunnels 
in  New  York  City  in  1910  and  about  the  same  time  the  Michigan 
Central  Railroad  began  electric  operation  through  its  Detroit 
River  Tunnel.  In  all  of  these  cases  power  was  distributed  over 
third  rails  at  approximately  650  volts. 

The  New  York  Central  and  Michigan  Central  Railroads 
used  a  suspended  type  of  third  rail,  contact  being  made  on  the 
bottom,  the  rail  weighing  70  lb.  per  yard.  (28.5  kg.  perm.). 
The  Long  Island  Railroad  used  a  top  contact  third  rail,  weigh- 
ing  100  lb.   per  3'ard.   (40.8  kg.   per  m.).     The  Pennsylvania 
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Railroad  also  used  a  top  contact  third  rail,  but  weighing  150  lb. 
per  yard  (61.2  kg.  per  m.).  Where  necessary,  additional  feeders 
were  used  to  reinforce  the  third  rail,  and  in  some  cases  remote- 
control  switching  stations  were  installed  for  the  purpose  of  con- 
necting parallel  third  rails  and  cables  and  still  being  able  to 
disconnect  them  quickly  in  case  of  trouble.  With  the  roads 
mentioned,  power  was  distributed  from  substations  located 
from  foiu*  to  eight  miles  apart. 

Railroads  using  the  third -rail  method  of  distribution  have 
found  it  necessary  for  locomotive  service  to  install  a  smaU 
amount  of  overhead  third  rail  or  trolley  wire  over  long  cross- 
overs. This  overhead  conductor  is  not  necessary  where  trains 
of  motor  cars  are  used,  as  they  will  span  the  gaps  in  third  rails 
at  crossovers. 

The  substation  equipment  for  600- volt  service  has  not  changed 
materially  for  several  years,  with  the  exception  of  the  intro- 
duction of  commutating-pole  synchronous  converters  and  gen- 
erators and  the  use  of  larger  machines.  Storage  batteries  are 
not  being  installed  to  any  great  extent,  and  for  protection  against 
interruption  to  service,  ample  capacity  in  substation  apparatus 
and  in  high-tension  lines  between  generating  stations  and  sub- 
stations is  relied  upon. 

It  is  not  probable  that  potentials  as  low  as  600  volts  will 
be  used  for  electrification  of  steam  railroads,  with  the  possible 
exception  of  those  in  and  near  large  cities.  At  the  present  time 
the  tendency  is  towards  the  use  of  1200  volts  or  higher,  not 
only  for  steam  railroads  but  for  interurban  roads  of  considerable 
length.  There  are  in  the  United  States,  28  railroads  operating 
or  preparing  to  operate  at  1200  volts  or  higher,  the  maximum 
voltage  being  2400.  For  all  of  these  roads,  the  distribution 
is  by  means  of  an  overhead  trolley,  although  one  of  them  is 
using  third  rail  for  a  portion  of  its  work  and  a  second  road  is 
preparing  to  do  so.  In  general,  the  catenary  type  of  trolley 
construction  is  used. 

Power  for  operation  at  1200  volts  is  furnished  direct  from 
steam-driven  generators  in  a  few  cases,  but  as  a  rule  is  furnished 
from  synchronous  converters  or  motor- generators,  these  being 
either  1200-volt  machines  or  two  600-volt  machines  in  series. 
The  only  direct-current  2400-volt  road  in  operation  at  the  pres- 
ent time  uses  motor-generators  with  two  1200-volt  machines 
in  series. 

The  Butte  and  Anaconda  Railroad  installation  is  an  example 
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of  what  can  be  done  in  handling  steam  railroad  service.  Direct 
current  at  2400  volts  is  used.  The  trolley  wire  is  No.  4/0  and 
but  two  feeders  are  needed,  a  1,000,000-cir.  mil  for  the  positive 
side  and  a  No.  4/0  for  the  negative  side  of  the  circuit.  There 
are  two  substations  26  miles  (41.8  km.)  apart.  In  one  direction 
trailing  loads  of  3400  tons  are  hauled,  the  maximum  grade 
being  0.3  per  cent.  In  the  other  direction  trailing  loads  of 
1000  tons  are  hauled,  the  maximum  grade  being  1.0  per  cent. 
The  general  problems  of  d-c.  distribution  for  interurban 
and  steam  railway  purposes  are  here  omitted  because,  except 
for  the  weight  of  train  imits  and  consequent  details  of  construc- 
tion, they  are  not  essentially  different  from  those  discussed  by 
Messrs.  Gear,  Torchio,  Rice  and  Blair,  respectively,  in  earlier 
appendixes  of  this  report. 

APPENDIX    VII.    A-C.    DISTRIBUTION    FOR    INTER- 
URBAN AND  STEAM  RAILROADS  * 

BY    W.    S.    MURRAY 

In  a  nvunber  of  instances  attempts  have  been  made  to  connect 
cities  using  direct  current  on  their  overhead  systems  by  inter- 
urban lines  using  alternating  current  on  their  overhead  systems. 
This  necessitated  great  complexity  in  the  design  and  control 
of  the  motive  power  equipment  to  perform  the  duplex  opera- 
tion. The  attempt  naturally  did  not  meet  with  success,  as  it 
was  clearly  an  abuse  of  the  application  of  alternating  current. 
It  may,  therefore,  be  said: 

That  the  alternating-current  contact  wire  in  general  has  no 
application  in  the  interurban  field  where  the  equipment  must 
be  common  to  city  and  interurban  operation. 

Economics  in  steam  railroad  electrification  may  be  looked 
for  and  secured  by  providing  a  high  over-all  efficiency  from  the 
terminal  of  the  primary  transmission  system  to  the  drawbars 
of  the  trains.  Such  a  system  is  the  one  delivering  high-voltage 
alternating  current  from  a  single  overhead  wire,  which  while 
doing  this  also  possesses  the  greatest  adaptability  and  elasticity 
under  the  onerous  conditions  imposed  upon  it  by  modern  heavy 
transportation. 

By  reason  of  the  general  acceptance  and  standardization 
of  25  cycles,  such  a  frequency  in  a  single  high-voltage  contact 
wire,  while  conforming  to  a  periodicity  generally  in  use,  also 
permits  all  classes  of  equipment  to  operate  beneath  it,  such. 
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for  instance,  as  single-phase,  split-phase,  and,  through  the 
medium  of  a  rectifier,  direct-current  motive  power  apparatus. 
Therefore,  in  the  case  of  steam  railroad  electrifications,  in  virtue 
of  the  above-mentioned  facts,  it  would  seem  reasonable  to  offer 
as  recommended  practise  the  use  of  a  single  overhead  wire 
furnishing  high-voltage  alternating  current  of  25  cycles  as  the 
contact  system  for  the  motive  power  apparatus  operated  there- 
under. 

APPENDIX  VIII.    THE  RELATION  OF  DISTRIBUTION 
PROBLEMS  AND  SWITCHING  APPARATUS 

BY  E.  B.  MERRIAM 

The  principal  problems  in  the  distribution  of  electric  power 
which  are  affected  by  switching  and  auxiliary  apparatus  may 
be  classified  as  follows: 

1.  Maintenance  of  continuous  service  supply. 

2.  Protection  against  service  interruptions  due  to  fatilts 
in  the  distributing  system  and  receiving  apparatus. 

3.  Safe  interruption  of  circuits  abnormally  loaded. 

4.  **Safety  first'*  protection  for  all  who  come  near  the  dis- 
tribution system. 

5.  Operation  of  the  distribution  system  at  maximum  ef- 
ficiency. 

Service  Maintenance 

The  maintenance  of  continuous  service  supply  is  usually  ac- 
complished by  feeding  the  distribution  system  from  one  of 
several  sources  of  power  supply  through  two  or  more  buses  or 
their  equivalent.  Connection  is  ordinarily  made  between  the 
different  parts  of  such  a  system  by  some  form  of  switch  in  addi- 
tion to  a  circuit-interrupting  device. 

For  250-volt  three-wire  Edison  direct-current  systems  the 
switches  are  usually  single-pole,  single-throw,  edgewise  type. 
They  are  designed  to  be  arranged  in  very  compact  form  and 
economize  space  so  that  a  large  number  of  feeders  may  be  con- 
trolled from  a  minimum  size  switchboard.  For  alternating- 
current  and  direct-current  switching  service  at  pressures  up 
to  750  volts,  it  is  customary  to  use  the  so-called  knife  blade  or 
lever  switch,  mounted  preferably  upon  slate  and  equipped  with 
or  without  quick  break  features. 

Alternating-current  systems  operating  at  pressiu^s  above 
750  volts  are  equipped  with  plain  lever  switches  furnished  with 
detachable  handles  and  usually  some  form  of  locking  device  for 
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retaining  the  blade  in  the  closed  position  against  the  action 
of  large  magnetic  forces  which  are  often  developed  during  short- 
circuit  conditions.  Up  to  2500  volts,  these  switches  may  be 
mounted  on  marble  bases,  but  above  this  pressure  the  best 
practise  demands  that  the  switches  be  mounted  on  porcelain 
insulators  secured  to  iron  or  steel  bases,  and  located  remote 
from  the  switchboard. 

For  direct-current  systems  above  750  volts,  remotely  con- 
trolled lever  switches  are  becoming  standardized.  These  are 
usually  mounted  on  porcelain  bushings  set  in  slate  bases  form- 
ing part  of  the  switchboard  panels. 

In  some  cases,  particularly  in  isolated  plants,  automatic 
devices  are  sometimes  installed  to  connect  the  house  service 
system  with  the  central  station  distribution  system  in  case  of 
failure  of  the  isolated  plant  supply,  but  such  devices  have  only 
a  limited  application. 

Service  Protection 

A  means  of  giving  complete  protection  against  service  inter- 
ruptions due  to  faults  which  develop  in  the  distribution  system 
and  receiving  apparatus  is  now  being  diligently  sought  by 
manufacturers  and  operators.  Their  investigations  have  re- 
sulted in  the  development  of  numerous  schemes  for  indicating 
the  appearance  of  faults  in  the  distribution  system  and  for 
disconnecting  faulty  feeders  without  disturbing  the  healthy 
ones. 

One  of  the  indicating  schemes  depends  for  its  operation  on 
the  unbalancing  of  the  currents  in  the  legs  of  a  three  phase 
feeder  caused  by  a  ground  or  other  fault.  The  unbalancing 
induces  currents  in  special  series  transfonners  connected  to  the 
feeder  and  gives  a  visual  and  audible  indication  of  trouble  by 
tripping  a  shutter  covering  the  number  of  the  faulty  feeder 
and  ringing  a  bell. 

Another  scheme,  originally  developed  abroad  as  a  result  of 
suggestions  by  Kallman  and  Andrews,  depends  for  its  operation 
on  a  difference  appearing  between  the  current  entering  at  the 
supply  end  of  the  feeder  and  that  leaving  it  at  the  receiving 
end  when  a  fault  develops.  Until  recently,  it  had  not  been 
considered  for  use  in  the  United  States  because  it  requires  the 
use  of  auxiliary  wires  to  connect  the  devices  placed  at  the  ends 
of  the  feeders,  and  in  some  designs,  special  current  transformers 
which  may  be  balanced  one  against  the  other.     Besides,  imder 
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some  conditions,  it  gives  no  indication  of  failure  of  continuity 
of  the  auxiliary  circuit,  which  thus  renders  the  protective  feature 
inoperative.  It  is  very  sensitive,  however,  and  discriminates 
acau"ately  between  healthy  and  faulty  feeders.  It  can  also 
be  so  adjusted  that  it  will  disconnect  a  faulty  feeder  before  the 
fault  gives  rise  to  dangerous  circuit  conditions. 

A  modification  of  the  above,  which  eliminates  the  auxiliary 
wires,  has  recently  been  developed.  This  divides  each  feeder 
into  two  parts,  placing  the  parts  in  the  same  or  in  separate 
cables.  The  incoming  and  outgoing  currents  at  the  ends  of 
the  two  parts  of  the  feeder  are  then  balanced  through  series 
transformers  connected  to  them,  and  the  secondary  circuit 
arranged  as  before. 

A  number  of  other  schemes  have  been  proposed  and  are  in 
operation,  which  depend  on  various  kinds  of  overload,  reverse- 
power  and  kindred  types  of  relays.  The  oyerload  relays  are 
usually  made  i)artially  selective  by  some  form  of  time  delay 
whose  value  is  in  whole  or  part  a  function  of  the  overload  ctir- 
rent.  Three  principal  types  of  time  delay  schemes  are  now 
available.  One  depends  on  the  retardation  effected  by  an 
electrically  driven  gear  train,  the  electric  feature  being  actu- 
ated by  the  overload  current.  Another  depends  for  its  time 
delay  on  the  action  of  a  permanent  magnet  on  a  disk  of  con- 
ducting material  rotated  between  its  poles.  A  third  depends 
upon  the  retardation  effected  by  the  expulsion  of  air  from 
a  bellows  through  a  fixed  orifice. 

The  reverse-power  relays  depend  primarily  on  a  reversal  in 
the  direction  of  power  flow.  Numerous  forms  have  been  de- 
veloped in  which  the  solenoid,  dynamometer,  and  induction 
principles  have  been  employed  with  more  or  less  success.  They 
all  depend  on  the  interaction  between  current  and  presstire 
coils  and  their  range  is  usually  limited  by  the  high  minimum 
pressure  at  which  they  will  operate  without  requiring  excessive 

current  flow. 

Circuit  Interrupters 

The  safe  interruption  of  circuits  abnormally  loaded  pre- 
sents one  of  the  most  difficult  problems  encountered  in  dis- 
tribution. 

For  direct -current  circuits  up  to  and  including  1200  volts 
the  carbon-break  circuit  breaker  is  applied  almost  universally 
with  eminent  success.  Above  1200  volts,  however,  it  has  been 
found    necessary   to   adr)])!    sonit*   form   of   magnetic   blowout, 
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and  reliable  circuit  breakers  utilizing  this  principle  have  been 
developed  for  direct-current  circuits  up  to  5000  volts. 

For  all  alternating-current  circuits,  with  but  few  exceptions, 
the  oil-immersed  circuit  breaker  is  now  considered  standard. 
It  has  been  the  object  of  considerable  study  and  research, 
with  the  result  that  its  operating  characteristics  have  been 
markedly  improved.  The  design  of  contacts,  characteristics 
and  quality  of  the  oil,  and  shape,  ventilation  and  fastenings 
of  the  oil  vessel  have  been  given  especial  attention.  Further 
improvements  may  be  looked  for  in  the  direction  of  increased 
speed  of  break,  better  confinement  of  the  oil  in  the  neighbor- 
hood of  the  arc,  and  an  increase  in  the  number  of  breaks  in 
series  per  phase. 

The  duty  demanded  of  oil  circuit  breakers  has,  however, 
been  very  rapidly  increased  of  late  due  to  the  huge  generating 
capacities  now  being  concentrated  in  single  units,  and  grouped 
in  central  stations.  The  stored  energy  of  such  systems  has 
now  become  so  great  that  it  is  no  longer  possible  for  the  oil 
circuit  breaker  to  dissipate  it  unaided.  Various  schemes  have 
therefore  been  proposed  and  adopted  for  assisting  in  the  dis- 
sipation of  this  energy.  The  first  one  places  reactance  in  the 
generator  or  feeder  circuits  so  as  to  limit  the  power  which  could 
be  obtained  on  short  circuit.  This  reduces  the  drain  on  the 
generating  equipment  and  in  turn  reduces  the  effect  of  the  ab- 
normal disturbance  on  feeders  other  than  the  faulty  one.  An- 
other scheme  introduces  reactance  into  the  circuit  to  be  inter- 
rupted after  the  abnormal  disturbance  has  been  manifested 
and  before  the  oil  circuit  breaker  clears  the  circuit.  This 
scheme  reduces  the  current  that  the  oil  circuit  breaker  must 
interrupt  but  does  not  limit  the  initial  drain  on  the  generating 
system  or  protect  feeders  adjacent  to  the  faulty  one.  A  third 
scheme  introduces  resistance  into  the  circuit  in  shunt  with  the 
oil  circuit  breaker  during  its  operation.  This  scheme  is  the 
only  one  which  increases  the  energy-dissipating  capacity  of 
the  modified  circuit  breaker  and  appears  to  represent  the  most 
efficient  solution  of  the  problem. 

Safety  First 

The  protection  of  attendants  and  others  from  injury  caused 
by  contact  or  otherwise  with  distribution  systems  is  being 
daily  given  more  attention.  To  meet  this  situation,  manu- 
facturers have  placed  on  the  market  lines  of  so-called  * 'safety 
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first"  apparatus.  It  has  all  of  the  live  parts  enclosed  in  iron 
or  steel  compartments  to  which  entry  is  prevented,  except 
when  the  circuits  leading  in  have  been  disconnected  from  the 
distribution  system.  These  lines  include  all  forms  of  switch- 
ing devices  from  low-pressure,  small-capacity,  single-pole,  single- 
throw,  fused  lever  switches  to  complete  switchboards,  for  use 
on  15,000-volt  high-capacity  circuits. 

Operation  Efficiency 

The  operation  of  distribution  systems  at  a  maximum  effi- 
ciency requires  a  minimiun  investment  in  feeders  and  depends 
for  its  accomplishment,  among  other  things,  on  the  ability 
of  the  various  switching  and  auxiliary  devices  properly  to 
perform  their  functions.  These  devices,  together  with  their 
limitations,  have  been  discussed  elsewhere  in  this  report  and 
repetition  here  is  deemed  unnecessary. 

Conclusions 

It  is  seen,  therefore,  that  a  considerable  niunber  of  important 
distribution  problems  depend  for  their  solution  on  the  charac- 
teristics and  performance  of  switching  and  auxiliary  apparatus, 
and  that  strenuous  efforts  are  being  made  to  improve  the  various 
devices  so  that  they  will  satisfactorily  perform  all  their  functions. 

APPENDIX  IX.     DISTRIBUTION  FOR  STREET 

LIGHTING  SERVICE 

BY   PAUL  M.   LINCOLN 

The  problem  of  distributing  power  for  the  specific  service 
of  street  lighting  is  quite  different  from  that  of  power  distri- 
bution for  commercial  lighting  and  other  purposes.  There 
are  two  peculiarities  which  differentiate  it  particularly  from 
the  usual  distribution  problem.     These  are: 

1.  That  the  area  over  which  the  power  for  street  lighting 
must  be  distributed,  must,  at  the  same  time,  be  served  by  an 
entirely  separate  general  distributing  system. 

2.  That  all  of  the  power  for  street  lighting  service  must  be 
switched  at  certain  predetermined  periods  of  the  day,  being 
needed  only  in  the  hours  of  darkness. 

The  fact  that  street  lighting  is  required  only  at  night  makes 
it  desirable  that  this  particular  service  shall  be  fed  by  a  separate 
distributing  system,  so  that  the  power  for  use  thereon  may  be 
turned  on  and  off  at  will  from  a  single  point. 

The  alternative  to  the  separate  street  lighting  distributing 
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system  is  to  use  the  same  distributing  system  for  street  lighting 
as  for  other  purposes  and  to  have  the  street  lamps  switched 
off  and  on  singly  or  in  groups  at  a  point  near  the  location  of  the 
lamps.  This  latter  alternative  presents  so  many  difficulties 
that  it  has  been  used  only  to  a  very  limited  extent,  where 
groups  of  lamps  are  located  in  a  small  area  such  as  a  small 
park  or  playground.  Where  lines  are  all  underground  it  is 
usually  cheaper  to  give  this  service  from  the  general  network 
and  switch  it  at  various  points  by  hand  than  to  build  separate 
circuits. 

The  requirement  for  the  simultaneous  lighting  and  extin- 
guishing of  all  street  lamps  led  to  the  development  and  con- 
tinued use  of  the  so-called  "series  system.'*  In  this  system, 
all  of  the  lamps  of  a  given  circuit  are  operated  in  series  at  a  con- 
stant current.  The  amount  of  current  used  varies  with  the 
type  of  lamp,  from  a  minimum  of  about  four  amperes,  with 
some  of  the  more  recent  types  of  lamps,  to  a  maximum  of 
approximately  ten  amperes,  which  was  the  standard  when 
Brush  brought  out  his  first  arc  lamps.  Ten-ampere  series  cir- 
cuits are  also  the  standard  current  rating  for  long-biutiing  flame 
carbon  arc  lamps,  which  have  recently  been  developed  and  are 
being  extensively  used  in  this  country.  Approximately  20,000 
of  these  lamps  have  recently  been  placed  in  operation  in  Chicago. 
The  voltage  on  a  circuit  varies,  of  course,  with  the  number  of 
lamps,  reaching  a  maximum  of  10,000  to  12,000  volts  in  some 
cases.  There  are,  at  present  in  use,  two  methods  of  securing  the 
constant  current  required   by  series  street  lighting  systems: 

1.  The  use  of  a  constant-current  generator,  in  which  the  volt- 
age varies  with  the  load  on  the  circuit. 

2.  The  use  of  a  constant-current  transformer,  which  re- 
ceives constant- potential  alternating-current  energy  and  de- 
livers constant-current  alternating-current  energy,  the  poten- 
tial of  which  depends  upon  the  load  of  the  circuit. 

The  constant-current  generator  may  be  cither  direct-current 
or  alternating-current,  but  practically  all  arc  machines  are  of 
direct-current  type.  It  is  noticeable,  also,  that  practically 
the  only  type  of  direct-current  arc  machine  that  has  survived 
is  the  so-called  "Brush  arc  machine,"  which  is  a  direct  de- 
scendant of  the  original  machine  designed  by  Charles  F.  Brush 
back  in  the  days  between  1875  and  1880. 

The  ease  of  securing  constant  alternating  current  by  means 
of  the  constant-current  transformer,  together  with  the  general 
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adoption  of  constant-potential  altemating-ctirrent  systems 
for  general  power  supply  purposes,  has  made  the  use  of  a-c. 
constant-current  arc  service  very  general.  The  invention 
some  ten  years  ago  of  the  mercury  arc  rectifier  has  also  enabled 
us  to  obtain  constant  direct  current  from  the  constant-current 
transformers,  using,  as  a  source  of  supply,  the  standard  con- 
stant-potential alternating-current  systems  that  have  now 
become  standard.  Therefore,  the  use  of  such  constant-current 
transformers  in  conjunction  with  rectifiers  has  largely  taken 
the  place  of  the  constant-current  direct-current  arc  machines, 
and,  as  time  goes  on,  the  displacement  of  the  arc  machine  by 
the  rectifier  will  probably  become  more  and  more  complete. 

The  advantages  of  constant-current  operation,  as  compared 
to  constant-potential  for  the  operation  of  street  lights,  are 
numerous.  They  are  so  sweeping  as  practically  to  eliminate 
the  constant-potential  service  for  this  purpose.  They  may 
be  enumerated  as  follows: 

1.  The  lamps  may  be  lighted  and  extinguished  from  the 
central  station  exactly  on  any  predetermined  schedule.  This 
is  the  fundamental  requirement  that  has  made  necessary  the 
development  of  a  special  distributing  system  for  this  purpose. 

2.  Constant-current  circuits,  as  developed  at  present,  have 
a  relatively  small  ampere  capacity  (from  four  to  ten  amperes) 
and  arc  available  at  a  relatively  high  voltage  (8000  to  10,000). 
Consequently,  the  investment  in  copper  for  distribution  pur- 
130ses  is  reduced  to  a  minimum. 

3.  The  constant-current  arc  lamp  system  is  inherently  stable, 
whereas  the  constant-potential  arc  lamp  must  induce  its  sta- 
bility by  means  of  a  series  resistance  of  considerable  value. 
The  amount  of  this  series  resistance  is  comparatively  large  in 
constant-potential  circuits,  since  it  is  necessary  to  operate  the  arc 
on  available  commercial  voltages  which  are  higher  than  required. 
Naturally,  therefore,  this  excessive  resistance  decreases  the  effi- 
ciency of  the  constant- potential  arc  lamp. 

4.  When  metallic  filament  lamps  are  used  instead  of  arc 
lamps  on  constant  current,  we  also  have  important  advantages. 
The  filaments  of  the  constant-current  lamps  are  of  larger  dia- 
meter and  shorter  than  those  demanded  by  constant-potential 
lamps,  and,  as  a  consequence,  the  lamp  is  not  only  stronger 
and  less  liable  to  damage  but  also  it  is  subject  to  smaller  radia- 
tion losses  on  account  of  the  smaller  area  exposed.  This  latter 
advantage  is  particularly  noticeable  in  the    **nitrogen-filled" 
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lamp  which  holds  out  so  great  promise  of  future  developments. 

A  system  of  street  lighting  which  is  a  compromise  between 
the  constant-potential  system  for  individual  lamps  and  the 
constant-current  system  is  one  in  which  a  series  of  lamps  is  opera- 
ted across  a  constant-potential  circuit.  In  this  system  2200  or 
other  available  voltage  is  used  to  operate  a  series  of  metallic 
filament  lamps,  each  series  having  a  sufficient  number  of  lamps 
to  make  the  total  voltage  across  the  series  the  same  as  that  of 
the  line. 

In  order  to  prevent  the  breakage  of  a  single  lamp  inter- 
rupting service  on  the  entire  series,  each  lamp  is  shunted  by 
a  special  reactance  coil.  This  coil  is  so  designed  that  it  takes 
but  a  small  proportion  of  the  total  current  of  the  system  while 
the  lamp  is  burning.  If,  however,  the  lamp  filament  should 
break,  the  entire  current  of  the  circuit  passes  through  the  re- 
actance coil  without  danger  to  the  coil.  This  characteristic 
is  obtained  by  designing  the  iron  circuit  of  the  reactance  coil 
so  that  it  is  operated  above  the  bend  of  the  saturation  curve 
when  passing  the  entire  current  of  the  circuit.  At  the  same 
time,  it  is  possible  to  obtain  a  curve  of  regulation,  so  that  a  con- 
siderable percentage  of  the  total  number  of  lamps  on  the  circuit 
may  be  out  of  service  before  the  current  on  the  whole  circuit  is 
reduced  beyond  allowable  limits.  In  this  system  we  may  see 
a  return  to  a  system  which  was  used  at  least  twenty  years  ago. 
The  writer  well  recalls  the  use  of  these  identical  devices  in  the 
apparatus  that  was  built  in  1892. 

This  system  has  the  material  advantage  that  it  does  not 
require  switching  service  for  each  individual  lamp,  but  that 
this  service  may  be  accomplished  at  one  point  for  an  entire 
series  of  30  to  35  lamps.  Also,  it  is  quite  possible  to  group 
the  switches  for  a  number  of  circuits  at  one  point.  By  this 
means,  therefore,  the  cost  of  switching  may  be  reduced  vastly 
below  what  would  be  necessary  if  each  individual  lamp  re- 
quired this  service. 
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Discussion  on  Sub-Committee  Report  on  "  Distribution 
OF  Electrical  Energy  "  (Junkersfeld,  etc.),  New 
York,    February    27,    1914. 

H.  L.  Wallau:  The  keynote  of  Mr.  Jiinkersfeld's  paper  is 
"  centralization."  Lack  of  centralization  means  a  partial  or 
total  duplication  of  land,  buildings,  equipment  and  labor. 
In  the  proportion  that  centralization  is  accomplished,  duplica- 
tion is  eliminated  and  further  advantages  accrue:  (1)  increase  in 
the  Capacity  connected  that  may  be  served  from  given  eqtiip- 
ment,  due  to  increased  diversity;  (2)  reduced  investment  per 
kilowatt,  due  to  the  use  of  equipment  of  larger  unit  size,  and  (3) 
reduced    operating    expenses. 

These  benefits  lower  cost,  and  as  a  direct  consequence,  rates  are 
reduced;  and  generally  they  also  result  in  greater  reliability  of 
service.  A  reduction  in  rates  is  always  followed  by  a  healthy 
growth  in  load,  and  increased  reliability  of  service  means  much  in 
permanently  holding  customers. 

Other  things  being  equal,  one  kind  of  current  at  one  voltage 
supplied  to  all  consumers  would  make  for  minimum  cost.  This 
consummation,  however  devoutly  to  be  wished  for,  will  probably 
never  be  realized,  as  each  kind  of  current  supply  furnished  has  a 
field  of  usefulness  of  its  own.  Improvements  in  apparatus,  such 
as  the  60-cycle  converter,  will  tend  to  broaden  the  field  of  the 
various  classes  of  service,  but  it  is  difficult  to  imagine  the  com- 
plete elimination  of  all  but  one  class. 

Total  centralization  up  to  and  including  the  substation  is 
feasible  today.  Beyond  this  point  partial  centralization  must 
be  our  aim,  and  the  nearer  this  can  be  made  to  approach  unity, 
the  more  perfectly  we,  as  engineers,  are  serving  our  fcUow-men. 

In  Cleveland  we  have  aimed  to  centralize  as  much  as  local 
conditions  would  permit.  The  transmission  system  to  substa- 
tions is  radial,  with  two  substations  in  tandem.  One  cable  is 
installed  as  a  reserve  between  the  generating  station  and  the  first 
substation,  and  also  one  between  the  first  and  the  second  sub- 
station. Until  recently  the  reserve  cable  was  kept  alive  at  the 
supply  end  and  the  switch  at  the  receiving  end  was  left  open. 
We  are  at  present  installing  reverse-power  relays  of  the  selective 
wattmeter  type  on  the  receiving  end  of  the  cables,  and  will 
hereafter  operate  all  cables  in  parallel.  Tests  show  these  relays 
to  be  very  effective,  and  remarkably  free  from  the  limitations 
mentioned  by  Mr.  Merriam  on  page  264. 

Our  reserve  capacity  imder  the  radial  scheme  varies  from 
100  per  cent,  where  one  cable  is  sufficient  to  carry  the  total  load, 
to  25  per  cent,  where  four  cables  are  required. 

In  order  to  minimize  investment,  it  has  been  the  policy  to 
install  originally  to  the  second  substation  in  the  tandem  group, 
two  2000-kv-a.  cables.  When  the  load  has  increased  beyond 
2000   kv-a.,    a  standard  4000-kv-a.  cable  is  installed,  and  the 


19141  DISCUSSION  AT  NEW  YORK  271 

two  original  cables  operated  in  parallel  as  one,  through  one  oil 
switch  at  each  end. 

In  the  matter  of  different  classes  of  service,  when  possible, 
both  a-c.  and  d-c.  conversion  apparatus  has  been  connected 
to  one  high-tension  bus,  reducing  the  transmission  capacity  re- 
quired, because  of  diversity  and  improved  power  factor.  This 
scheme  is  also  followed,  as  far  as  practicable,  by  having  one  a-c. 
and  one  d-c.  substation  in  tandem,  reducing  the  investment  in 
transmission  between  the  generating  station  and  the  first  substa- 
tion even  more  than  in  the  case  of  two  a-c.  stations,  due  to  the 
greater  diversity. 

Power  factor  has  also  been  improved  by  the  use  of  synchronous 
condensers  in  substations  and  on  consumers'  premises. 

The  diversified  routing  of  transmission  lines  has  been  touched 
upon  by  Mr.  Gear.  This  is  advisable  whenever  the  investment 
in  subway  will  permit,  but  care  must  be  exercised  to  have  the 
distances  approximately  equal  in  order  that  excessive  loads  may 
not  be  carried  by  certain  lines,  and  underloads  by  others. 

In  the  matter  of  railway  load,  specific  cables  are  furnished  only 
from  the  power  company's  nearest  substation  to  the  railway 
company's  substation.  Centralization  of  these  stations  may 
come  in  the  future,  but  the  time  is  not  yet  ripe  for  this  accom- 
plishment. 

General  distribution  is  at  2200  volts,  three-phase  delta,  with 
single-phase  lighting  mains  radiating  from  the  load  center,  and 
three-wire  secondaries.  The  large  number  of  trees  in  "  the  forest 
city  "  makes  this  system  of  distribution  much  more  reliable 
than  the  four- wire  system. 

Tests  recently  made  on  weather-proof  insulation  show  that 
after  a  small  amount  of  weathering  the  dielectric  strength  is  less 
than  2200  volts,  but  deterioration  from  then  on  is  slow,  the  wire 
withstanding  safely  the  Y  voltage  to  ground.  Hence,  the  lia- 
bility to  electric  shock  is  very  much  decreased,  with  the  lower 
voltage. 

Small  scattered  power  demands  are  taken  care  of  by  lighting 
feeders  equipped  with  regulators.  Large  power  is  carried  on 
separate  power  circuits,  generally  not  regulated.  The  duplica- 
tion of  circuits  is  not  as  great  as  might  be  supposed,  as  the  fac- 
tory lighting  is  carried  on  the  same  transfonner  installation  as 
the  power  (balance  coils  being  used) ;  and  in  the  manufacturing 
districts  there  is  relatively  little  residential  or  store  lighting, 
so  that  a  No.  G  primary  lighting  main  will  often  suffice. 

Adjacent  a-c.  substations  are,  on  the  average,  about  2  1/4 
miles  (3.6  km.)  apart.  This  compares  very  favorably  with  the 
distances  between  similar  stations  in  other  cities  using  higher 
voltages  and  generally  the  same  size  of  cop]3er  in  their  feeders. 

The  maximum  2200- volt  load  on  these  stations  varies  from 
1000  to  6000  kw.,  depending  on  the  district  serv^ed. 

Thie  type  of  station  now  standardized  is  very  economical  in 
floor  space.     A  two-story  and  basement  building  about  50  ft. 
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(15  m.)  square  is  capable  of  distributing  a  load  of  20,000  kw.,  of 
which  12,000  kw.  may  be  distributed  at  2200  volts  and  the  rest 
to  bulk  customers  at  11,000  volts.  1500-kw  transformer  banks, 
consisting  of  three  500-kw.  self-cooled  units,  are  used.  I  do 
not  agree  with  Mr.  Gear  that,  for  substations  of  over  1000  kw., 
air  or  water-cooled  units  are  necessarily  most  economical. 

Centralization  is  further  carried  out  by  serving,  whenever 
economically  possible,  customers  exceeding  300  kw.  in  demand, 
from  11, 000- volt  distribution  cables  with  a  single  voltage  reduc- 
tion at  the  customer's  premises. 

Mr.  Goodwin  has  called  attention  to  the  equity  of  charging  a 
lower  rate  for  high  power  factor  and  a  higher  rate  for  low  power 
factor.  A  contract  has  been  in  force  in  Cleveland  for  about  two 
and  a  half  years,  which  accomplishes  this. 

Philip  Torchio:  I  would  like  to  ask  Mr.  Merriam  if  he  can 
give  us  some  of  his  actual  past  experience  and  data  on  the  effect 
of  the  three  methods  of  increasing  the  rupturing  capacity  of  oil 
switches,  by  the  use  of  reactance,  especially,  and  the  other 
method  that  he  referred  to,  by  using  the  resistance  in  shunt 
with  the  breaker. 

S.  D.  Sprong:  I  would  like  to  inquire  about  the  experience 
had  with  fotir-wire,  three-phase  primary  distribution.  In  this 
system  we  have  the  elements  of  three  single-phase  distributing 
lines,  and  the  fourth  wire  is  necessary  to  maintain  the  stability 
of  the  system.  What  is  the  experience  in  every-day  operation, 
as  to  the  effect  of  interruptions  and  short  circuits  involving  the 
fourth  or  center  wire;  as  to  the  unbalanced  presstire  on  the  three 
single-phase  systems;  and  also,  in  the  case  of  an  interruption 
to  the  fourth  wire,  how  does  that  affect  the  relation  of  the  phases 
and  the  circuit  as  a  whole? 

D.  W.  Roper:  As  far  as  the  short  circuits  involving  the 
neutral  are  concerned,  they  give  no  particular  difficulty.  The 
circuit  breaker  on  that  particular  phase  wire  which  is  involved, 
opens,  clears  the  short  circuit,  and  the  voltmeter  compensators 
are  adjusted  so  that  they  will  maintain  the  proper  pressure  on 
the  other  two  phases.  There  is  a  compensator  on  the  neutral 
wire  as  well,  so  that  the  neutral  drop  is  compensated  independ- 
ently of  the  drop  on  the  phase  wires. 

On  the  question  of  the  neutral  opening  near  the  station  or 
some  place  so  as  to  cause  an  unbalancing,  I  do  not  recall  that 
we  have  ever  had  any  case  of  that  kind,  that  involved  any 
great  portion  of  the  circuit.  There  have  been  cases  occurring 
in  the  outlying  portions  of  the  circuit,  which  involved  a  few 
customers  only,  but  in  general  the  neutral  of  the  feeder,  near 
the  station,  is  a  large  wire  and  is  generally  an  underground 
cable. 

On  the  question  of  troubles  involving  short  circuits  and 
overloads,  we  have  recently  been  trying  a  little  heavier  setting 
of  the  relays,  that  is,  we  have  been  abandoning  the  idea  that 
the  relays  protect  from  overloads.    We  set  the  relays  so  that 
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they  protect  from  short  circuits  only,  and  find  that  we  give 
very  much  improved  ser\dce,  without  any  offsetting  disadvant- 
ages. We  have  by  the  use  of  the  heavier  setting  cut  out  such 
a  large  proportion  of  the  interna i)tions  due  to  ordinary  over- 
loads or  to  no  apparent  cause »  that  we  have  a  fixed  rule  that 
when  the  circuit  breaker  opens  automatically  in  the  substa- 
tion twice  or  more  in  rapid  succession,  a  patrolman  is  sent 
out  to  find  the  trouble,  and  in  over  seventy-five  per  cent  of 
the  cases  he  finds  the  trouble. 

E.  M.  Hewlett:  The  question  of  relays  has  been  considered 
so  generally  that  one  might  think  they  were  all  alike.  Many 
people  seem  to  think  that  a  relay,  because  it  is  a  relay,  will  do 
whatever  they  desire  it  to  do.  Others,  however,  and  partic- 
ularly those  who  have  made  tests  of  relays  on  electrical  systems, 
realize  that  to  get  proper  results  from  a  relay  it  is  necessary 
to  have  a  rational  piece  of  work  for  the  relay  to  do,  to  know 
the  limits  of  its  operation,  what  it  is  expected  to  accomplish, 
and  besides,  to  have  no  extra  circuits  that  conflict  with  the 
regular  operation  of  the  relay  and  upset  the  sequence  of  opera- 
tion. 

Then  there  are  quite  a  number  of  systems  which  have  been 
laid  out  with  the  expectation  that  relays  would  take  care  of 
all  the  troubles.  Now,  when  the  systems  are  too  complicated, 
that  is,  have  too  many  side  paths,  it  is  difficult  to  obtain  proper 
protection.  A  more  direct  study  of  the  problems  involved,  of 
the  possible  current  flow  in  different  directions,  etc.,  should  be 
made  in  connection  with  all  these  relay  problems.  I  believe  most 
of  them  can  be  taken  care  of,  but  in  cases  where  this  cannot  be 
readily  done,  the  system  should  be  changed  so  that  it  becomes 
a  practicable  system.  Some  systems  are  actually  impossible  for 
continuous  operation,  on  account  of  the  connections,  etc. 

In  reference  to  oil  switch  capacity,  which  Mr.  Merriam 
brought  out,  an  oil  switch  can  be  made  for  almost  any 
duty,  but  it  is,  I  think,  rather,  a  question  of  the  amount 
of  energy  which  it  is  advisable  to  connect  on  any  given 
system.  There  are  magnetic  strains  in  the  system  which  will 
draw  the  conductors  together  and  cause  numerous  troubles, 
and  it  depends  on  how  much  of  a  strain  you  wish  to  design 
your  system  for,  how  high  a  duty  switch  you  desire,  and 
how  much  money  you  put  in  the  lines  or  systems.  It 
seems  as  though  50,000-kw.  sections  would  be  about  right, 
but  you  can  run  considerably  above  that  with  limiting  react- 
ances and  with  feeders  so  arranged  that  the  energy  flow  under 
short-circuit  conditions  is  reduced  to  a  reasonable  amount. 

I  wish  to  make  a  point  about  the  so-called  '*  safety  first  ** 
movement.  There  seems  to  be  a  tendency  in  some  quarters 
to  go  to  considerable  length  to  protect  all  circuits  that  are 
alive,  irrespective  of  their  location  or  the  conditions  imder 
which  they  operate.  Many  people  are  of  the  opinion  that 
all  live  wires  should  be  covered  and  protected  so  that  they  can- 


274  DISTRIBUTION  OF  ELECTRICAL  ENERGY     [Feb.  27 

not  be  touched.  Obviously  this  is  going  too  far.  While  it 
is  true  that  great  attention  should  always  be  paid  to  the  pro- 
tection of  human  beings  from  injury,  this  idea  should  not  be 
carried  to  extremes,  and  before  making  blanket  decisions  in 
this  matter,  a  careful  study  of  the  conditions  should  be  made. 

In  a  manufacturing  industry,  for  instance,  there  may  be 
employed  a  thousand  or  more  men  to  every  thousand  kilowatts 
of  power  used  to  operate  the  machinery,  and  practically  none 
of  the  men  conversant  with  the  danger  of  touching  live  electric 
wires  running  to  the  various  machines.  Here  the  hazard  is 
apt  to  be  comparatively  great,  and  it  seems  advisable  to  go  to 
considerable  lengths  to  safeguard  against  the  hazard  prevalent 
owing  to  the  conditions. 

In  a  central  station,  however,  or  wherever  the  live  circuits 
are  accessible  only  to  those  expert  in  their  use,  and  fully  cog- 
nizant of  the  danger  of  contact  with  them,  it  appears  rather 
imnecessary  to  introduce  many  detail  or  minute  measures  of 
safety.  In  such  an  installation  the  ratio  of  men  to  kilo- 
watts may  be  only  one  to  a  thousand,  and  besides,  the  chance 
of  injury  from  accidental  contact,  in  contrast  to  the  manu- 
facturing installation,  very  small.  It  thus  seems,  then,  that 
where  switchboards  are  tinder  trained  supervision  and  kept 
isolated  from  others,  little  ftirther  need  be  done  to  bring  the 
degree  of  hazard  much  lower  than  it  is  now. 

In  reference  to  2400- volt  d-c.  circuit  breakers,  etc.,  for  rail- 
way work,  the  Butte  and  Anaconda  line  has  been  working  quite 
a  while  now  with  a  magnetic  blow-out  type  of  circuit  breaker, 
but  with  the  magnetic  fields  on  both  sides.  The  same  kind 
of  breaker  has  also  been  designed  for  a  3500-volt  equipment 
for  a  French  railway.  Enough  experimental  work  has  been 
done  on  5000  volts  to  show  that  the  5000-volt  direct-current 
circuit  breaker  is  also  a  practicable  device. 

H.  R.  Summerhayes:  In  Mr.  Torchio's  paper  it  is  stated 
that  the  mains  in  the  Edison  three-wire  system  are  always 
made  the  same  size.  I  would  like  to  know  if  experience  has 
shown  that  on  accoimt  of  bum-outs,  etc.,  it  is  actually  neces- 
sary to  make  the  neutral  the  same  size  as  the  outside  wires. 
It  is  ftuiiher  brought  out  in  Mr.  Torchio's  paper  that,  in  spite 
of  making  the  neutral  the  same  size  as  the  outside  in  the  mains, 
the  arrangement  of  the  neutral  in  the  feeders  is  such  that  the 
currents  are  balanced,  and  the  total  neutral  copper  is  only 
16.9  per  cent  as  against  83  per  cent  for  the  outside  wires. 

In  Mr.  Gearys  paper  some  mention  is  made  of  systems  per- 
mitting the  operation  of  cables  in  parallel  to  substations,  and 
I  would  say  that  if  all  cables  can  be  operated  in  pairs  a  bal- 
ance relay  system  is  available  which  will  in  general  give  very 
good  protection.  Of  course,  a  large  installation  requires  special 
study  to  see  that  all  conditions  are  met.  In  reference  to  sub- 
stations, it  is  probable  that  some  saving  could  be  made  by  auto- 
matic substations,  in  the  case  of  the  smaller  stations. 
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Mention  is  also  made  in  Mr.  Gear's  paper  of  the  three-phase, 
four-wire  secondary  network.  This  is  used  to  a  greater  ex- 
tent abroad  than  in  this  country,  but  it  appears  to  have  certain 
advantages.  I  believe  a  study  would  show  that  it  cotdd  be  used 
to  a  greater  extent  here,  to  advantage. 

PhiUp  Torchio :  Where  full  main  neutrals  are  used  they  serve 
as  well  as  feeder  neutrals.  Besides,  the  size  of  the  neutral  of  the 
mains  involves  a  question  of  securing  a  high  degree  of  regulation. 
To  explain:  on  the  side  where  you  have  the  heaviest  load  you  have 
the  heaviest  drop,  and,  as  the  imbalanced  load  will  come  in  on  the 
neutral,  if  you  make  the  neutral  small  you  will  exaggerate  the 
drop  on  the  loaded  side.  The  Edison  three-wire  system  of  dis- 
tribution has  been  designed  with  the  greatest  degree  of  liber- 
ality. While  on  a  railroad  system  a  poorer  regulation  may  be 
permissible,  our  system  requires  very  close  regulation  and, 
therefore,  justifies  greater  liberality  in  the  use  of  copper. 

John  B.  Taylor:  I  ask  Mr.  Torchio  just  what  he  has  in 
mind  in  referring  to  difficulties  with  the  diametrical  connection 
of  synchronous  converters — the  diametrical  as  distinguished  from 
the  double  delta  connection  ?  This  diametrical  connection  has  been 
in  regular  use  in  railway  service  for  the  last  ten  or  twelve  years, 
and  while  I  caimot  speak  so  well  for  the  lighting  field,  I  know 
that  it  has  been  on  lighting  converters  for  at  least  eight  or  nine 
years.  The  advantages  of  such  a  connection  are,  of  course 
as  obvious  now  as  they  were  at  the  time  of  its  introduction, 
and  I  do  not  see  why  there  should  be  any  special  conditions 
in  the  lighting  service  that  should  delay  for  ten  or  twelve  years 
the  adoption  of  a  connection  which  seems  to  possess  such  pro- 
nounced advantages  over  a  connection  that  has  been  used  largely 
as  a  matter  of  chance,  I  think,  previous  to  that  time. 

I  should  like  to  hear  from  Mr.  Merriam  regarding  what  is, 
perhaps,  a  misstatement  as  to  the  function  of  the  oil  switch  in 
interrupting  a  circuit.  The  switch  is  to  interrupt  the  circuit 
and  the  idea  is,  in  addition,  to  make  a  switch  so  that  no  absorption 
of  energy  by  it  will  occur.  Unfortunately,  it  seems  to  be  true,  with 
switches  as  they  are  constructed,  that  it  is  impossible  to 
avoid  dissipating  a  certain  amount  of  energy  in  the  switch 
itself,  but  I  cannot  see  that  there  is  anything  inherent  that  calls 
for  the  dissipation  of  energy  in  the  switch,  nor  why  the  switch 
cannot  be  so  designed  that  the  energy  does  not  have  to  be  dis- 
sipated there.  A  parallel  case  is  when  you  have  water  in  a  pipe. 
You  may  have  any  quantity  of  energy  stored  in  your  reservoir, 
back  of  the  point  in  the  pipe  where  you  wish  to  interrupt  the 
flow,  and  the  mere  closing  of  a  valve  does  not  necessarily  absorb 
any  considerable  portion  of  the  energy  thus  available,  and  I 
think,  at  least  on  paper,  it  should  be  possible  to  design  a  switch 
in  which  the  energy  absorbed  or  dissipated  in  the  switch,  at  the 
moment  of  interruption,  could  be  negligible.  Practically,  I  do 
not  wish  to  say  that  we  arc  anywhere  near  doing  that,  but  it 
seems  to  me  there  is  a  proper  distinction  there  which  should  be 
kept  in  mind. 
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On  the  railway  feeders,  without  going  into  details,  it  seems  to 
me  that  the  distribution  network  must  meet  two  conditions. 
The  first  condition  is  that  the  railway  trolleys,  feeders,  third 
rails,  etc.,  must  be  more  or  less  interconnected  in  order  to  work 
the  conducting  material  at  a  fair  economy,  and  also  it  must  be 
possible  to  have  them  separated  so  that  under  operating  condi- 
tions a  short  circuit  at  one  point  will  not  tie  up  things  too  exten- 
sively. This,  of  course,  results  in  the  various  feeder  systems, 
various  devices  for  switching  feeders,  circuit  breakers,  etc., 
which  must  be  placed  along  the  line. 

I  see  no  specific  mention  in  any  of  these  papers  of  the  use  of  the 
so-called  ** automatic  sectionalizing  switch" — a  device  which 
may  be  put  on  the  line  to  tie  together  two  feeders  or  sections  of 
trolley  wire  or  third  rail,  both  of  which  are  alive.  These  switch- 
ing devices  connect  together  two  or  more  feeders,  provided  they 
are  separately  energized  from  the  same  or  different  substations, 
andincaseof  a  short  circuit,  or  in  case  of  a  desire  to  interrupt 
the  power,  merely  by  interrupting  power  supply  to  both  feeders, 
at  the  substation  or  at  the  power  station,  these  disconnect  them- 
selves, at  which  time  power  can  be  restored  on  one  without  re- 
storing it  on  the  other.  Of  course,  this  scheme  is  not  universally 
applicable,  yet  there  are  so  many  cases  where  it  would  effect  such 
marked  saving  in  copper  that  it  would  seem  to  merit  more  spe- 
cific mention. 

I  want  to  raise  a  question  in  connection  with  what  Mr.  Murray 
has  to  say  about  the  single-phase  distribution.  The  principal 
point  he  mentions  is  the  one-wire  single-phase  railway  trans- 
mission system.  If  we  can  believe  the  evidence  of  our  eyes  in 
riding  over  the  New  Haven  road,  it  is  clear  that  a  change  in 
that  distribution  system  has  been  made,  or  is  in  the  process  of 
making.  I  trust  Mr.  Murray  may  have  something  to  add 
on  this  point  to  reconcile  the  discrepancy  between  what  is  done, 
or  done  in  part,  on  the  representative  single-phase  road,  and 
what  he  states  is  the  desirable  way  of  doing  it. 

Mr.  Lincoln,  it  seems  to  me,  has  missed  the  real  reason  for  the 
series  lighting  system.  I  do  not  think  that  the  desirability  of 
throwing  the  switch  on  at  the  power  house  to  turn  on  all  the 
lights  on  the  street  is  by  any  means  the  controlling  reason  which 
brought  about  the  series  system.  The  series  system  came  about 
through  the  inherent  characteristic  of  the  carbon  arc,  the  prop- 
erty which  has  been  commonly  called  **negative  resistance",  which 
meant  that  it  was  necessary  to  have  controlling  devices  to  kee]) 
the  current  within  a  proper  valuc^  and  it  was  a  much  more  eco- 
nomical proposition  to  do  this  either  by  the  design  of  the  machine 
at  one  point,  or  other  controlling  means,  at  a  central  point, 
rather  than  by  individual  steadying  means  at  the  lamps.  Also 
we  should  remember  that  the  arc  light  started  as  a  d-c.  instead 
of  an  a-c.  system,  so  that  it  would  have  been  out  of  the  question 
to  distribute  at  low  voltage  with  an  economical  amount  of  copper, 
and  out  of  the  question  to  distribute  at  high  voltage  without 
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inserting  the  necessary  transforming  devices  for  individual 
lamps.  So  far  as  the  d-c.  arc  is  concerned,  these  conditions  seem 
still  to  control. 

The  point  I  want  to  make  is  that  the  series  system  came  in  for 
good  and  sufficient  reasons,  which  are  other  than  the  desirability 
of  turning  lights  on  and  off  at  one  time. 

At  the  present  time,  with  the  ability  to  run  tungsten  lamps 
of  high  candle  power  on  alternating-current  circuits  quite  as  well 
as  on  direct-current  circuits,  it  looks  as  if  the  separate  series 
circuit  with  the  separate  cables  or  ducts  from  the  generating 
station  had  little  excuse  for  continuing  as  the  only  street  light- 
ing system. 

E.  W.  Trafford:  With  reference  to  Mr.  Lincoln's  paper  on  arc 
lighting  distribution,  I  want  to  say  that  a  few  years  ago,  in  a 
station  which  now  has  about  2000  arc  lights,  I  saw  that  we  were 
filling  our  streets  with  a  large  number  of  small  wires,  and  recog- 
nized the  desirability  of  reducing  the  number  of  wires  and  using 
those  of  larger  size.  A  great  many  years  ago  a  system  was  de- 
vised which  made  use  of  constant-current  distributing  transfor- 
mers. I  have  used  that  system  for  the  past  three  years  with  con- 
siderable success,  with  circuits  of  200  arc  lights,  using  30  amperes 
constant  current  at  4000  volts. 

Instead  of  distributing  current  single-phase,  a  three-phase  star 
connection  with  series  transformers  in  each  leg  may  be  used,  in 
which  case,  with  the  same  current  and  voltage,  the  circuit  would 
be  of  250  kv-a.  capacity.  Such  a  system  has  many  advantages 
with  both  overhead  and  underground  distribution,  perhaps  more 
noticeably  for  underground  distribution,  where  a  few  cables  of 
convenient  size  can  be  placed  in  the  ducts  in  place  of  the  multi- 
plicity of  small  cables  usually  employed.  The  system  also  offers 
great  advantages  in  a  mixed  underground  and  overhead  distri- 
bution. It  is  easy  with  this  system  to  install  a  transformer  and 
drop  underground  at  any  i3oint  and  operate  a  separate  series  cir- 
cuit of  the  desired  voltage  and  current. 

Instead  of  using  constant-current  regulators  or  transformers 
as  they  have  heretofore  been  used,  they  may  be  employed  merely 
as  regulators  in  connection  with  ordinary  static  transformers. 
With  a  number  of  transformers  on  a  given  line  it  is  improbable 
that  all  of  the  secondary  circuit  would  o])en  at  one  time  and  con- 
sequently the  same  percentage  of  regulator  capacity  is  not 
necessary.  By  this  means  the  power  factor  of  the  system  can  be 
very  much  improved. 

In  the  station  the  substitution  of  a  few  devices  of  moderate 
capacity  in  place  of  the  multiplicity  of  small  apparatus  results 
in  a  simplification  of  switchboards  which  is  very  apparent.  In 
some  cases,  as  in  the  one  cited,  the  use  of  this  system  eliminates 
the  necessity  of  a  substation. 

Objection  to  such  a  system  in  the  past  was  based  on  the  fact 
that  transformer  design  was  not  as  well  imderstood  as  it  is  now, 
and  that,  upon  the  secondary  circuit  becoming  open,  a  large  rise 
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of  potential  would  follow,  causing  bum-outs  or  establishing  a 
dangerous  condition  upon  the  secondary  circuit.  But  in  these 
days  of  automatic  deuces  it  is  very  simple  to  arrange  automatic 
switches Vhich  short-cirouit  the  secondary,  either  upon  a  rise  of 
potential  occtaxring  or  upon  the  interruption  of  the  secondary 
circuit.  In  the  installation  referred  to,  twenty-five  transformers 
have  been  in  service  for  about  three  years,  without  difficulty 
or  the  loss  of  a  single  transformer. 

With  this  system  it  is  possible  to  run  a  few  well-insulated 
supply  mains  throughout  the  length  of  a  city,  and  at  convenient 
points  install  transformers  operating  short  series  undergroimd 
lines,  at  moderate  voltage,  thereby  making  it  commercially 
practicable  to  furnish  underground  street  lighting  service  even 
in  communities  of  moderate   size. 

J.  T.  Kellyi  Jr.:  There  arc  one  or  two  things  which  we  are 
doing  in  Baltimore,  that,  from  the  standpoint  of  the  operating 
engineer,  may  be  of  interest  to  some  of  you  gentlemen. 

For  the  reason  that  has  been  mentioned  several  times,  we 
are  in  the  position  of  having  to  furnish  as  near  absolutely  per- 
fect service  as  possible.  One  of  the  troubles  which  we  have 
experienced  is  that  of  feeder  interruptions.  The  induction 
motors,  even  though  the  feeder  may  be  restored  in  a  very  short 
length  of  time,  will  drop  out  and  we  have  some  complaints 
from  customers  on  that  account.  It  has  been  thought  that  if 
the  feeder  could  be  restored  to  service  quickly  enough,  that 
trouble  could  be  obviated.  Experiments  have  been  carried 
on  with  an  auxiliary  relay  of  the  wattmeter  type  which  operates 
to  close  the  feeder  switches  as  soon  as  they  open,  and  it  has  been 
found  that,  with  reasonable  certainty,  the  switches  can  be  closed 
within  seven-tenths  of  a  second  from  the  time  they  start  to 
open,  or.,  putting  it  another  way,  on  60-cycle  service,  well 
within  40  cycles,  and  that  there  will  be  practically  no  rush  of 
current  to  the  induction  motors,  no  interruption  to  the  serv- 
ice, and  as  far  as  the  lighting  is  concerned,  merely  a  very  slight 
flickering.  This  was  the  idea  of  our  Mr.  F.  E.  Ricketts,  who  has 
carried  through  the  experiments  and  reached  the  point  where 
the  system  is  ^out  to  be  put  in  operation  in  one  of  the  prin- 
cipal substations. 

It  will  also  haye  a  very  important  use  in  outlying  substations 
in  the  suburbs  at  which  an  operator  is  not  ordinarily  in  atten- 
dance. I  ought  to  say,  in  that  connection,  that  these  relays 
may  be  so  set  that  they  will  close  a  cir.cuit  once,  and  if  it  drops 
out  again,  remain  out,  or  they  may  be  set  to  close  the  circuit 
two  or  three  times,  or  as  many  times  as  you  like,  before  re- 
maining out. 

The  question  of  locating  faults  on  underground  cables  is  al- 
ways a  very  troublesome  one.  It  came  to  our  attention,  through 
our  friends  of  the  local  telephone  company  a  year  or  more  ago, 
that  certain  of  our  frequency  changers,  operating  at  2300- 
4000  volts,  had  such  characteristics  that  there  were  present, 
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in  the  neutral,  harmonics  which  caused  a  disturbance  on  the 
telephone  lines.  A  study  was  made,  and  it  was  foimd  that  the 
thirteenth  harmonic  was  present  to  that  extent,  and  steps 
were  taken  to  change  the  characteristics  of  these  machines. 
The  idea  occurred  to  some  one,  however,  that  that  might  be 
made  use  of  in  the  locating  of  underground  cable  faults,  and  it 
has  been  made  use  of.  The  method  is  to  connect  a  machine 
having  this  characteristic  in  a  marked  degree  to  a  spare  bank 
of  transformers,  preferably  of  large  capacity,  and  connect  the 
faulty  cable  in  series  with  the  neutral  between  the  machine  and 
the  transformer  bank.  If  the  cable  is  broken  down  between 
conductors,  a  dead  short  circuit,  two  conductors  may  be  used; 
if  it  is  broken  down  to  groimd,  one  conductor  and  the  lead  sheath 
may  be  used.  Since  we  are  trying  to  get  rid  of  that  character- 
istic in  our  machines,  it  was  necessary  to  rig  up  a  small  set,  of 
about  5  kw.  capacity,  which  we  ordinarily  use  for  that  purpose 
with  much  success. 

The  method  of  finding  the  fault  after  the  connection  is  made 
is  by  means  of  a  small  finding  coil  in  series  with  a  delicate  tele- 
phone receiver.  It  is  only  necessary  to  go  into  the  manhole 
and  hold  the  finding  coil  close  to  the  cable.  If  you  are  between 
the  station  and  the  fault,  the  harmonic  is  present,  and  you  readily 
hear  the  tone  in  the  telephone  receiver,  which  is  a  very  differ- 
ent tone  from  the  general  tone  of  the  system,  and  readily  dis- 
cernible. The  moment  you  get  beyond  the  fault,  you  fail  to 
hear  the  tone. 

John  Murphy:  I  have  read  of  such  a  scheme  being  employed 
in  Berlin,  and  a  friend  told  me  that  it  was  not  necessary  to 
enter  the  manhole.  The  sound  is  detected  walking  along 
the  street.  I  would  like  to  ask  Mr.  Kelly  if  he  has  heard  of 
that  system  or  used  it. 

J.  T.  Kelly,  Jr.:  On  our  distribution  feeders  we  have  adopted 
the  method  of  placing  an  expulsion  type  fuse  between  the 
main  feeder  and  practically  all  the  principal  taps  from  the 
main  line.  These  have  the  advantage  of  acting  as  disconnect- 
ing switches,  if  desired,  as  well  as  of  clearing  the  main  feeder 
of  trouble,  instantly,  when  trouble  occurs  on  one  branch. 

Our  company  has  spent  considerable  money  to  perfect  a 
system,  both  in  the  overhead  and  imderground  portions  of  the 
a-c.  territory,  of  tying  in  adjacent  feeders  through  oil  switches 
at  as  many  points  as  possible,  within  reason.  We  use  oil  switch- 
es in  every  case,  properly  phased  out  beforehand,  and  in  con- 
nection with  this  scheme  we  furnish  each  of  our  trouble  men 
with  a  small  pocket-size  loose-leaf  binder,  carrying  bulletins 
of  various  information,  and  many  other  things,  including  dia- 
grams of  the  emergency  connections  of  each  feeder,  so  in  case 
of  trouble  it  is  not  necessary  to  get  hold  of  some  one  who  may 
be  familiar  with  all  these  points,  or  may  be  familiar  with  the 
record  of  them.  Each  trouble  man  has  in  his  pocket  the  spe- 
cific direction  which  will  enable  him  to  restore  service  in  the 
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shortest  possible  length  of  time.  At  frequent  meetings  the 
trouble  men  are  coached  and  quizzed  on  these  points  to  see 
that  they  are  kept  in    mind. 

There  is  another  point  in  connection  with  that — the  tying 
in  of  feeders  on  the  outside  may  be  considered  in  the  light  of 
a  station  switch  of  which  the  station  operator  has  no  knowledge. 
We  have  found  it  a  very  wise  thing  in  every  case  to  advise  the 
station  operators,  in  advance,  of  such  and  such  a  switch,  so 
they  may  know  what  to  expect,  otherwise  the  performance 
of  their  instruments,  regulators,  etc.,  may  be  very  misleading 
to  them. 

I  notice  the  statement  which  was  made  in  regard  to  the 
Commonwealth  Edison  Company,  that  in  case  of  a  short  cir- 
cuit on  one  phase  the  breaker  on  that  phase  will  open  and  the 
other  phases  remain  in  operation.  We  have  not  been  able  to 
do  that,  with  success,  for  the  reason  that  we  have  a  great  deal 
of  three-phase  load  on  our  distributing  feeders,  and  we  have 
found  that,  when  we  attempt  to  operate  two  phases  of  a  four- 
wire  feeder,  the  third  wire  being  dead-grounded  or  short-cir- 
cuited with  the  neutral,  we  blow  the  fuses  on  our  three-phase 
banks  of  transformers  and  get  into  a  good  deal  of  trouble. 
Oiu"  breakers  are  therefore  locked  so  that  they  operate  together. 

H.  B.  Gear:  Answering  Mr.  Kelly's  question,  the  difficulty 
mentioned  is  avoided  in  the  Commonwealth  Edison  system 
by  not  connecting  the  neutral  of  three-phawse  installations  to 
the  neutral  of  the  system.  When  this  is  done  trouble  on  one 
phase  cannot  be  communicated  through  the  transformers  to 
the  other  two  phases.  This  has  entirely  remedied  this  sort  of 
trouble,  in  Chicago. 

Carl  Schwartz:  The  distribution  of  electrical  energy  in  a  cer- 
tain territory  is  a  natural  monopoly.  Competition  is  bound  to 
lead  to  a  duplication  of  facilities,  resulting  in  less  density  of  load 
per  unit  and  a  less  favorable  diversity  factor.  This  condition 
also  suggests  pooling  existing  facilities.  Any  wastefulness  in 
this  respect,  as  well  as  in  the  design  or  development  of  a  distri- 
bution system,  will  ultimately  fall  upon  the  public,  either  the 
company's  stockholders  or  the  consumer,  who  w^ill  have  to  pay  a 
higher  price  for  the  product.  When  it  is  further  considered  that 
the  cost  of  power  at  the  busbars  of  the  power  station  is  generally 
below  the  fixed  charges,  operating  and  maintenance  expense  for 
its  distribution,  it  will  be  se^en  that  the  economics  of  distribution 
deserve  careful  attention. 

The  distribution  system  of  one  of  the  railroad  companies  in 
New  York  City  was  designed  after  a  complete  analysis  of  practi- 
cally all  possible  combinations  of  feeder  connections  and  distri- 
butions of  substations  in  order  to  arrive  at  the  most  reliable  and 
economical  combination.  The  system  can  be  briefly  described 
as  follows:  Primary  three-phase  alternating  current  at  25  cycles 
is  distributed  from  two  power  stations  at  11,000  volts  to  nine 
substations  located  from  about  3.8  to  8.6  miles  (6.1  to  13.8  km.) 
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apart,  delivering  direct  current  at  about  660  volts  to  the  third 
rail.  Seventeen  high-tension  lines  connect  the  two  power  sta- 
tions directly  with  the  substations,  the  latter  being  intercon- 
nected by  tie  lines. 

All  substations  are  supplied  by  not  less  than  two  independent 
lines  and  are  equipped  with  three  or  four  synchronous  converters  of 
either  1000,  1500  or  2000  kw.  capacity,  and  in  some  ca,ses,  where 
continuity  of  service  is  of  prime  importance,  with  storage  bat- 
teries. The  direct-current  feeder  system  connects  the  substa- 
tions to  the  third  rail  through  circuit  breakers  under  remote 
control  from  the  substations.  The  third  rail  is  sectionalized 
throughout  by  the  circuit  breaker  connections,  the  breakers  being 
installed  in  thirty-two  separate  buildings,  located  from  about  one- 
half  to  two  and  one-half  miles  (0.8  to  4  km.)  apart  throughout 
the  electrified  territory,  which  extends  over  a  total  distance  of 
about  51  miles  (82.2  km.).  The  fixed  charges,  operating  and 
maintenance  cost  of  this  system,  including  storage  batteries  and 
third  rail,  are,  with  the  cost  of  current  at  the  power  stations 
busbars,  in  the  ratio  of  about  1.3  to  1,  which  shows  that  this  dis- 
tribution system  for  d-c.  railroad  operation  is  economically 
designed. 

The  engineering  features  of  a  distribution  system  are  so  closely 
related  to  the  generating  system  and  its  location,  and  to  the  dis- 
tribution and  character  of  the  load,  that  a  determination  of  the 
distribution  system  alone,  without  due  consideration  of  all  other 
portions,  will  lead  to  erroneous  results.  One  system  may  permit 
the  generation  of  current  more  economically  and  with  a  greater  de- 
gree of  reliability  than  another.  For  instance,  large  quantities  of 
electricity  are  produced  and  distributed  under  more  favorable  con- 
ditions in  the  form  of  thrcc-phasc  current  than  in  the  form  of 
direct  current  or  single-phase  alternating  current.  At  the  point 
of  consumption  alternating  current  may  be  acceptable  under 
some  conditions  and  not  under  others;  for  instance,  dense  city 
service  for  light  and  power  practically  demands  the  insurance  of 
continuity  of  service  by  storage  batteries. 

The  efficiency  of  the  distribution  system  alone,  from  an  invest- 
ment, operating  and  maintenance  standpoint  is,  therefore,  not 
conclusive  evidence  of  the  wisdom  of  its  selection,  as  its  advan- 
tages may  be  counterbalanced  by  disadvantages  incidental  to  the 
generation  and  aj)j)licati()n  of  the  product.  Hence,  a  proper 
comparison  can  only  be  made  by  anaU^jing  from  the  coal  pile  to 
the  point  of  delivery,  whether  the  ultimate  form  of  power  be  light, 
a  motor  pulley,  the  drawbars  of  a  locomotive,  or  something  else. 

Appendix  VII,  on  a-c.  distribution  for  interurban  and  steam 
railroads,  differs  from  the  others  in  that  it  does  not  illustrate 
present  practise,  but  offers  the  use  of  a  single  a-c.  trolley  wire  as 
recommended  practise.  If  this  question  was  as  simple  and  easy 
to  answer  as  done  in  the  pajji'r,  probably  many  of  us  would  be 
thankful  to  Mr.  Murray  tor  tlu'  relief  from  a  good  deal  of  work. 

The  speaker  does  not  wish  to  be  understood  as  wanting  to 
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detract  in  any  way  from  the  merits  of  the  system  Mr.  Murray 
advocates,  as  it  may,  under  certain  conditions,  produce  results 
equally  as  good  as  or  better  than  others.  It  is  noted,  however, 
that  in  drawing  his  conclusions  Mr.  Murray  omits  any  reference 
to  the  matter  of  current  supply  and  its  complications,  and  appar- 
ei^ly  overlooks  the  fact  tli^t  other  forms  of  current  on  a  trolley 
wire  will  likewise  give  satisfactory  results,  and  will  even  avoid  the 
necessity  of  carrying  some  equipment  of  the  distribution  system 
on  the  locomotives.  If  Mr.  Murray  should  ask  for  a  quotation 
for  the  delivery  of  single-phase  power  for  railroad  service,  he 
would  probably  find  that  he  has  to  pay  an  appreciably  higher 
price  than  for  three-phase  current. 

Mr.  Blair  refers  to  the  important  matter  of  electrolytic 
action.  This  question  has  been  given  very  careful  consideration 
by  one  of  the  railroad  companies  in  New  York  City  during  the 
past  few  years.  Exhaustive  measurements  of  current  and  po- 
tentials have  been  made  and  recorded  to  determine  the  flow  of 
current  in  steel  structures,  cable  sheaths,  pipes,  etc. 

A  system  of  protection  was  developed  which  has  made  the 
structures  likely  to  be  affected  as  free  from  electrolytic  actjion 
as  possible,  and  it  has  been  determined  by  laboratory  tests  and 
field  investigation  that  the  slight  amoii;nt  of  current  flowing 
is  either  too  small  for  any  appreciable  effect  or  it  has  been  so 
directed  as  to  be  inactive. 

Insulated  negative  return  feeders  contribute  to  the  prevention 
of  destructive  electrolytic  action,  yet,  unless  they  are  so  connected 
as  to  produce  fairly  uniform  pressures  at  the  track,  they  do 
not  bring  about  the  desired  result.  To  accomplish  this,  the  loss 
in  the  feeders  has  to  be  balanced  either  by  resistances  or  by 
boosters,  and  the  cost  of  the  insulated  negative  system  thus 
increases  rapidly  with  an  increase  in  uniformity  of  pressure. 

The  subject  requires  considerable  study  from  case  to  case  to 
determine  whether  this  system,  or  other  methods  like  the  drain- 
age system,  or  a  combination,  is  preferable.  Structures  can 
frequently  be  sufficiently  p;rotected  by  directing  the  flow  of 
current  so  that  they  are  negative  to  the  running  rail,  and  this 
method  has,  to  a  large  extent,  and  successfully,  been  followed 
in  the  case  to  which  I  have  referred. 


PrtstmUd  of  ihs  2nd  Uidwinler   Convtntion   of  th* 
Awttrican  InstiiuU  of  BUctrical  Engineers,     New 
York,  February    27,    1914.   under   the  auspices 
eflk*  Bledric  Power  Commitlee. 
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RECORDING  DEVICES 


BY  CHARLES  P.  STEINMETZ 


Abstract  of  Paper 

The  author  calls  attention  to  the  importance  of  keeping  records 
in  electrical  systems  and  points  out  that  proper  records  can  be 
secured  only  by  automatic  recording  devices,  largely  because  of 
the  uncertainty  of  the  personal  element  in  times  of  accident  or 
stress.  The  three  types  of  recording  devices  in  general  use 
are  those  having  a  revolving  disk,  those  using  an  endless  tape  or 
photo-film,  and  the  multi-recording  device  on  which  no  record  is 
made  of  normal  operations  and  on  which  the  record  sheet  moves 
only  when  a  record  of  abnormal  occurrences  is  being  made. 
The  revolving  disk  machines  produce  such  condensed  records 
that  a  sequence  of  rapidly  fluctuating  events  cannot  be  dis- 
tinguished, while  the  curve-drawing  instruments,  if  the  tapes 
were  run  rapidly  enough  to  show  all  the  fluctuations,  would 
produce  records  of  such  enormous  length  that  they  would  be 
impracticable  to  operate  commercially.  With  the  multi- 
recorder  the  record  is  made  in  a  very  condensed  and  handy 
form  and  its  accuracy  in  respect  to  time  is  very  high,  so  that 
the  sequence  of  events  recorded  can  be  chcckea  within  a  frac- 
tion of  a  second.  The  latter  instrument,  therefore,  is  adapted 
to  produce  minute  and  accurate  records  of  all  phases  of  station 
operation. 


WHILE  the  keeping  of  records  is  essential  in  any  business, 
it  is  especially  important  in  the  operation  of  electrical 
systems,  and  thus  records  have  always  been  taken  of  voltage, 
current,  power,  of  the  time  of  starting  or  stopping  generators, 
etc.,  in  electrical  systems. 

Perfect  reliability,  however,  can  be  secured  only  by  automatic 
recording  devices. 

For  instance,  where  it  is  the  duty  of  the  station  operator  to 
keep  constant  voltage,  the  voltage  record  made  by  noting  down 
the  voltmeter  readings  at  constant  periods  of  time  would  prob- 
ably show  uniformity,  while  an  automatic  recording  device  may 
show  bad  fluctuation  between  these  times.  A  protection 
against  neglect  or  carelessness  of  taking  records,  and  a  check 
on  the  operating  force,  is  afforded  only  by  automatic  recording 
devices.  But  especially  when  things  go  wrong,  when  accidents 
happen,  and  the  necessity  of  action  interferes  with  careful  ob- 
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servations,  the  human  machine  more  or  less  breaks  down  and 
only  automatic  devices  are  reliable  in  recording  the  events. 

Automatic  recordinji;  devices  are  therefore  extensively  used: 
Revolving-disk  recording  voltmeters,  ammeters,  thermometers, 
steam  flow,  meters  etc.;  curve  drawing  instruments;  the  oscillo- 
graph. 

In  the  revolving-disk  recording  meter,  a  24-hour,  or  12-hour 
record  is  made  on  a  circular  chart.  The  shortest  time  interval, 
which  can,  under  industrial  conditions,  be  accurately  noted  on 
these  instruments  is  not  much  less  than  a  quarter  of  an  hour. 
Where  the  quantity  changes  slowly,  as  the  temperature  of  a  room, 
a  clear  chart  is  given.  Where,  however,  more  rapid  fluctua- 
tions occur,  as  with  current  and  often  with  voltage,  the  chart 
shows  only  a  broad  blur,  and  neither  the  individual  variation 
nor  the  sequence  of  events  can  be  seen,  but  merely  the  maximum 
and  the  minimum  values  estimated. 

Curve -drawing  instruments,  in  which  an  endless  tape  moves 
with  greater  or  less  rapidity,  in  front  of  the  recording  pen,  are 
used  for  records  of  more  rapidly  changing  events,  as  current, 
voltage,  speed,  acceleration  of  a  rapid  transit  train  cycle,  etc. 
But  to  take  a  continuous  record  of  an  interurban  railway  substa- 
tion by  a  curve-drawing  instrument  moving  with  sufficient  rapid- 
ity to  show  all  the  fluctuations,  would  be  feasible  only  in  special 
investigations;  but  the  enormous  length  of  the  record  would  ex- 
clude it  in  commercial  o])eration. 

One  of  the  most  rapid  recording  devices  is  the  oscillograph, 
and  its  use  has  been  of  material  assistance  in  electrical  develop- 
ment, for  instance  in  giving  information  on  momentary  short- 
circuit  currents  of  alternators,  on  the  i.)erformance  of  circuit 
breakers  and  other  problems,  upon  which  information  could  be 
derived  in  no  other  way.  But  the  taking  of  a  continuous  record 
of  station  operation  by  oscillograph  obviously  is  out  of  the  ques- 
tion. 

While  automatic  recording  devices  are  necessary  in  the  nor- 
mal operation  of  electric  systems,  they  are  still  much  more  es- 
sential under  abnormal  conditions,  when  things  go  wrong,  and 
accidents  happen.  Usually  no  serious  difficulty  exists  in  design- 
ing apparatus  to  operate  satisfactorily  under  normal  conditions; 
also  no  serious  difficulty  exists  in  operating  a  system  under 
normal  conditions,  but  to  meet  the  abnormal  changes  of  acci- 
dental conditions  is  the  serious  problem  of  the  electrical  designer 
and  of  the  station  operator. 
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We  really  know|[relatively  little  of  the  abnormal  conditions 
which  are  met  in  electrical  operation,  and  most  of  our  knowledge 
is  rather  theoretical,  representing  what  might  happen;  but  exact 
information  of  what  actually  happens  is  extremely  limited. 
When  some  accident  happens,  whether  it  be  the  failure  of 
a  transformer,  or  the  shut-down  of  a  big  system,  usually  an 
investigation  is  made,  reports  called  for,  and  the  witnesses 
cross-examined.  But  the  information  gleaned  from  these  ex- 
aminations is  practically  always  unsatisfactory  and  incom- 
plete. Frequently  no  trained  observer  was  present,  or  so  many 
things  happened  almost  simultaneously,  that  most  of  them  could 
not  be  observed.  The  circiunstances  are  very  unfavorable  for 
exact  observation.  The  necessity  of  immediate  action  ex- 
cludes close  observation  and  almost  always  excludes  immediate 
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Fig.   1 


noting  of  the  observations,  so  that  the  record  must  be  based 
on  the  memory  of  the  observer,  which  is  not  very  reliable  in 
times  of  excitement.  The  personal  element  also  comes  in,  the 
natural  tendency  toward  avoiding  personal  responsibility  for 
the  accident.  The  sequence  of  the  events,  which  is  all-important 
for  the  understanding  of  their  cause,  is  rarely  noted  in  the  excite- 
ment, and  thus  such  examination  hardly  ever  definitely  fixes 
the  cause  of  the  accident,  without  the  necessity  of  very  extensive 
guessing  of  more  or  less  questionable  reliability.  It  is,  however, 
of  the  greatest  importance  to  the  operator  as  well  as  the  man- 
ufacturer of  the  apparatus,  to  know  exactly  what  happened,  so 
as  to  guard  against  its  recurrence,  and  to  fix  the  responsibility. 
For  instance;  in  a  large  high -voltage  transmission  system, 
partly  illustrated  diagrammatically  in  Fig.  1,  a  big  transformer 
T  in  the  generating  station,  a  high-tension  switch  5  in  the  gen- 
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erating  station,  and  a  transformer  T'  at  the  end  of  a  branch 
line,  are  destroyed.  At  the  same  time  a  flash-over  occurs  on  the 
transmission  line  L. 

Postmortem  examination  of  the  transformer  showed  numerous 
arc  bums  on  coils  and  on  the  tank,  and  the  coils  badly  deformed 
and  bent  out  of  shape.  Questioning  of  the  operators  elicited 
the  information  that  lightning  had  been  frequent  during  the 
period  preceding  the  accident.  One  operator  believed  he  had 
noticed  static  in  the  station  for  some  time  before  the  accident. 
It  is  suspected  that  numerous  short  circuits  have  occurred  in 
the  lines  dtiring  the  weeks  preceding  the  accident. 

This  information  is  altogether  too  meager  to  find  out  beyond 
doubt  what  actually  happened.  We  can  only  theorize  what 
may  have  happened,  for  instance: 

1.  An  arcing  ground  occurred  on  the  line  L,  producing  moder- 
ately high  frequency — a  few  thousand  cycles.  This  lasted  for 
some  time,  possibly  hours,  until  the  high  frequency  broke 
down  somewhere,  either  by  electrostatic  heating  of  the  insula- 
tion, or  by  the  continual  impact  of  the  oscillation.  It  broke 
down  to  ground  in  the  station  transformer  T,  and  thereby 
caused  a  short  circuit  through  transformer  T  and  line  L.  The 
high-tension  switch  5,  in  attempting  to  open  this  short  circuit, 
failed,  due  to  the  excessive  current  and  the  superposed  high- 
frequency  oscillation,  burned  up  and  so  created  a  dead  short 
circuit  at  the  transformer  terminals.  The  mechanical  magnetic 
forces  resulting  therefrom  in  the  transformer,  moved  the  coils. 
The  shock  of  the  short  circuit  broke  down  the  transformer  T' 
at  the  end  of  the  branch  line. 

2.  Numerous  flash-overs  had  occurred  during  the  preceding 
weeks  in  the  transmission  lines,  resulting  in  heavy  short  cir- 
cuits. While  the  transformers  were  strong  enough  to  stand 
occasional  short  circuits,  the  short-circuit  stresses  were  so  enor- 
mous, that  continual  short  circuits  gradually  impaired  and  finally 
broke  down  a  transformer  T.  This  resulted  in  the  destruction 
of  the  circuit  breaker  5,  the  failure  of  the  second  transformer 
r',  etc. 

3.  Lightning  entering  the  line  L  started  a  high-frequency 
cumulative  surge  in  the  transformers,  producing  spark  dis- 
charges between  the  coils.  The  same  or  another  lightning 
stroke  flashed  between  the  lines,  caused  a  short  circuit,  result- 
ing in  the  destruction  of  the  circuit  breaker.  The  spark  dis- 
charge in  the  transformers  finally  led  to  short  circuit,  which 
distorted  the  transformer  coils. 
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4.  An  internal  oscillation  in  the  transformer,  due  to  entrance 
of  high-frequency  lightning,  or  resulting  from  an  arcing  groimd 
on  the  line,  caused  spark  discharges  in  the  circuit  breaker,  lead- 
ing to  its  destruction.  The  short  circuit  resulting  therefrom, 
moved  the  transformer  coils  and  brought  them  sufficiently 
near  to  either  end  of  the  tank,  to  cause  arcing  over,  with  the 
resulting  destruction  of  the  transformer. 

Ntmierous  other  combinations  of  the  phenomena  could  still 
be  devised,  to  account  for  the  accident,  for  instance,  the  trans- 
former T'  at  the  end  of  the  branch  line  may  have  broken  down 
first,  and  the  accidental  arc  may  have  produced  the  high  fre- 
quency, which  damaged  the  circuit  breaker  and  main  trans- 
former, and  flashed  over  the  transmission  line,  etc.  But  whether 
the  trouble  started  with  a  high-frequency  oscillation  in  the 
transformer,  or  resulted  from  a  high-power  short  circuit,  or 
from  lightning,  or  from  an  arcing  ground  on  the  line,  or  from 
a  combination  of  two  cases,  as  high-frequency  oscillation  and 
short  circuit,  cannot  be  learned  from  the  available  sources  of 
information.  Neither  can  it  be  determined,  whether  the  trans- 
former was  mechanically  too  weak  to  stand  a  short  circuit,  or 
whether  it  was  weakened  by  frequent  short  circuits  combined 
with  high-frequency  disturbances.  It  is,  however,  ofi  mportance 
to  the  manufacturer  to  fix  the  responsibility,  and  to  know 
whether  the  transformers  are  mechanically  too  weak  and  should 
be  made  stronger,  and  correspondingly  more  expensive,  or 
whether  and  what  additional  protective  devices  should  be  de- 
veloped. And  it  is  of  still  greater  importance  to  the  operating 
companies,  to  take  such  steps  as  will  insiu*e  reasonable  reli- 
ability of  operation. 

If  automatic  recording  devices  would  show  what  happened 
and  the  sequence  of  the  happenings,  whether  the  trouble  started 
with  lightning,  or  with  an  arcing  on  the  line,  or  a  line  short  cir- 
cuit and  how  this  originated,  or  a  transformer  surge  in  the 
generating  station  or  the  branch  line,  etc.,  then  in  most  cases 
the  phenomena  could  be  exactly  determined,  and  with  reason- 
able certainty  precaution  against  their  recurrence  taken.  Also, 
less  difficulty  would  usually  be  experienced  in  fixing  the  re- 
sponsibility on  the  manufacturer  of  the  apparatus,  or  on  the 
operating  engineer,  or  on  vis  major.  As  it  stands  at  present,  the 
transformers  are  rebuilt  with  greater  mechanical  strength,  and 
damping  devices  against  transformer  surges  installed,  and  it 
is  **hoped'*   that   the   phenomena  against  which  these  guard, 
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were  the  causes  of  the  trouble,  but  we  cannot  possess  the  con- 
fidence that  the  same  will  not  happen  again,  and  if  similar 
troubles  do  occur  again,  it  merely  means  that  some  of  the  other 
various  possibilities  were  the  initial  cause  of  the  trouble,  and 
that  the  remedy  would  lie  in  the  installation  of  an  arcing  ground 
suppressor,  or  in  grounding  the  neutral,  or  in  disconnecting  the 
grounding  of  the  neutral,  or  in  reducing  the  sag  of  long  spans 
to  eliminate  the  swinging  together  of  the  lines,  or  in  adding 
another  disk  to  the  suspension  insulators,  or  in  better  weeding 
out  defective  insulators  by  high-frequency  testing,  etc. 

Numerous  such  instances  could  be  given.  Thus,  in  under- 
ground cable  systems,  breakdowns  occur  frequently  in  groups, 
or  practically  simultaneously,  and  it  is  difficult  to  determine 
which  cable  started  the  trouble.  For  some  time,  often  days, 
troubles  with  feeders  may  have  preceded  the  breakdown,  and 
if  properly  recorded,  would  explain  its  cause  and  so  give  a 
greater  probability  of  guarding  against  its  recurrence,  etc. 

The  difficulty  or  impossibility  of  getting  complete  and  exact 
records  of  what  happens  in  electrical  systems,  and  of  the  se- 
quence of  the  events,  is  the  most  serious  limitation,  at  present, 
to  providing  protection  for  such  systems. 

Automatic  recording  devices  thus  are  of  the  greatest  im- 
portance for  the  safety  of  operation  of  a  system,  especially 
where  reliability  is  important.  However,  in  case  of  trouble, 
the  sequence  of  events  commonly  is  so  rapid,  within  seconds 
or  less,  that  such  devices  must  be  capable  of  recording  within 
fractions  of  seconds.  The  dial  instruments,  like  the  revolving- 
disk  recording  meters,  therefore,  are  out  of  the  question,  as  they 
show  everything  within  a  few  minutes  as  simultaneous.  Curve- 
drawing  instruments  would  have  to  run  the  tape  rather  rapidly. 
If  we  assume  that  50  records  arc  needed,  and  allow  between 
J  and  \  in.  per  second  as  the  minimum,  about  15  miles  of  tape 
would  be  unrolled  per  day,  and  to  look  all  this  over  to  see  the 
records,  obviously  is  impossible,  especially  when  it  is  desirable 
to  go  back  for  weeks  to  see  what  has  preceded.  With  phe- 
nomena like  lightning,  where  several  strokes  may  occur  in  one 
minute,  and  then  no  record  for  weeks  or  months,  ob\4ously 
any  recording  device  with  continuously  moving  tape  is  im- 
practicable. Where  records  are  made  at  more  or  less  infre- 
quent intervals — sometimes,  as  with  circuit  breakers,  at  fairly 
regular  intervals,  and  sometimes,  as  with  lightning  discharges, 
at  very  irregular  intervals--an  instrument  in  which  the  tape 
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does  not  continuously  move,  but,  as  in  the  typewriter,  moves 
only  when  making  a  record,  is  essential. 

To  give  reasonably  complete  information  on  the  station  per- 
formance under  normal  as  well  as  abnormal  conditions,  records 
are  required  of  the  closing  and  opening  of  every  circuit  breaker, 
of  the  operation  of  the  lightning  arresters,  of  the  appearance 
and  duration  of  high  frequency  in  the  lines,  of  grounds  and 
short  circuits,  possibly  of  excess  currents,  of  over -normal  and 
subnormal  voltage,  frequency,  etc.,  etc.  Considering  then, 
that  even  a  small  station  may  connect  two  or  three  lines,  and 
each  line  has  three  phases,  and  a  separate  record  of  each  phase 
is  necessary,  it  is  obvious  that  a  considerable  number  of  re- 
cords is  needed.  With  a  stationary  record  sheet,  moving  only 
whenever  a  record  is  made,  50  records  can  easily  be  taken  on 
the  same  sheet,  and  a  50 -point  multi-recorder  thus  appears  as 
a  convenient  unit.  In  such  a  device,  a  sensiti\'ity  of  at  least 
J  to  J  second  is  desirable,  so  that  phenomena  following  each 
other  at  intervals  of  \  second  or  more,  are  separately  record- 
ing, while  ever^iihing  which  occurs  within  \  second  appears 
as  of  the  same  time.  Such  high  sensitivity  is  desirable  to  get 
the  sequence  of  events  which  to  the  observer  may  appear 
simultaneous,  as  the  breakdown  of  a  number  of  feeders,  etc. 
At  the  same  time,  such  great  rapidity  of  action  requires  a  power- 
ful mechanism,  and,  considering  that  the  operating  mech- 
anism must  be  capable  of  working  very  many  thousand  times 
without  failure  by  wearing  out,  the  problem  in  the  develop- 
ment of  such  an  automatic  multi-recorder  was  rather  a  diffictdt 
one.  Also,  when  a  record  comes  i'n  within  less  than  \  second 
from  the  preceding  one,  while  the  record  sheet  is  still  moving 
in  receiving  the  previous  record,  the  second  record  would  blur, 
and  this  difficulty  thus  has  to  be  overcome  by  retarding  the 
second  record  until  the  taps  have  come  to  rest. 

On  such  a  multi-recorder  print,  one  record  point  should  be 
reserved  for  recording  standard  time  at  fixed  intervals,  thus 
giving  the  time  correction  of  the  clockwork  which  operates 
the  recorder,  so  as  to  make  it  possible  to  record  the  sequence 
of  events  occurring  almost  simultaneously  in  distant  stations 
and  noted  on  different  multi-recorders. 

A  description  of  this  instrument  is  given  by  Prof.  E.  E.  F. 
Creighton,  in  the  A.  I.  E.  1^".  Transactions,  Vol.  XXXI,  1912, 
p.  825. 
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Discussion 

Charles  L.  Clarke:  Dr.  Steinmetz  has  referred  to  the  tak- 
ing of  continuous  records  by  the  oscillograph  or  other  ciu^e- 
drawing  instrument,  in  which  a  photo-film  or  a  paper  tape  is 
reeled  off  at  a  constant  speed  to  maintain  uninterrupted  the 
time-element  of  the  record,  and  he  has  in  general  called  at- 
tention to  the  obvious  impracticability  of  using  an  apparatus 
of  this  character  adapted  for  recording  events  that  may  happen 
at  quite  widely  separate  times,  such,  for  example,  as  the  normal 
switching  operations  in  an  electrical  sj^tem,  and  which,  further- 
more, is  adapted  to  record  with  sufficient  accuracy  as  to  time, 
a  very  rapid  sequence  of  events,  such  as  a  succession  of  opera- 
tions by  automatic  switches  brought  about  by  abnormal  or 
accidental  circiunstances,  or  which  will  at  least  give  a  definite 
indication  as  to  which  event  happened  before  all  the  others 
of  the  sequence. 

We  are,  nevertheless,  generally  accustomed  to  curve-draw- 
ing instnunents  in  which  the  time  record  depends  upon  the  con- 
stant progression  of  a  tape,  or  its  equivalent  in  the  form  of  a 
rotating  paper  disk.  But  in  order  that  the  record  may  not  be 
of  practically  immeasurable  size  and  commercially  out  of  the 
question,  sacrifice  of  close  accuracy  in  the  time  record  has  to 
be  made  by  running  the  tape  at  a  very  slow  speed.  Thus  a 
rapid  succession  of  recorded  events  is  merged  indistinguish- 
ably  together  as  if  but  one  event  had  happened,  and  naturally 
there  is  no  way  of  finding  out  which  occurred  first. 

In  the  multi-recorder  a  radical  departure  from  the  old  way 
of  continuously  recording  time  by  constant  motion  of  a  tape 
and  superposing  thereon  the  hapi^ening  of  other  events,  when 
they  happen,  has  been  made,  and  in  its  place  has  been  sub- 
stituted the  method  of  simultaneously  printing  upon  the  tape 
when  at  rest,  the  occurrence  of  a  particular  event  and  the  time 
at  which  it  takes  place,  followed  by  a  slight  progression  of  the 
tape  to  receive  the  record  of  the  succeeding  event  and  time  it 
occurs,  and  so  on. 

This  is  all  the  record  that  is  needed,  when  vital  events  to  be 
noted  are  not  of  a  continuous  or  flux  character,  but  take  place 
at  definite  and  recurring  instances  of  time,  as,  for  example,  in 
switching  operations,  for  recording  which  the  instrument  be- 
fore us  was  primarily  designed.  The  record  is  kept  without 
the  use  of  an  inordinate  length  of  tape  and  is  in  fact  in  a  very 
condensed  and  handy  form;  nevertheless,  accuracy  in  respect 
to  time  is  insured  to  a  very  close  degree.  This  is  the  funda- 
mental merit  of  the  apparatus,  which  has  in  this  instance  been 
reliably  put  in  practical  form  by  skilful  attention  to  mechanical 
and  electrical  details. 

The  applications  of  the  multi-recorder  that  are  apparent  are 
many,  and  numerous  other  uses  for  it  will  doubtless  be  found 
from  time  to  time. 

In  the  paper  describing  the  device,  published  in  the  A.  I.  E.  E. 
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Transactions,  Vol.  XXXI,  1912,  p.  825,  abundant  evidence  is 
given  of  its  value  for  recording  switching  operations  in  an  electrical 
system.  The  record  made  under  normal  conditions  is  a  watch 
over  the  proper  performance  of  duty  by  the  switchboard  at- 
tendant, while  under  accidental  and  abnormal  circumstances 
the  instrument  not  only  stands  guard  over  the  attendant  to 
record  his  correct  moves,  or  his  blunders,  but  may  be  adapted 
to  pick  up  and  record  the  shortcomings  of  the  system  in  respect 
to  the  matters  that  are  outside  his  jurisdiction,  or  his  ability 
to  control. 

Its  action  is  so  rapid  that  the  sequence  of  operation  of  oil 
switches  can  be  noted.  Time-element  relays  can  be  checked 
to  the  nearest  second.  Duration  of  accidental  short-circuits 
and  surges  can  be  recorded.  It  notes  whether  a  feeder  is  alive, 
and  if  so,  the  time  when,  and  initially  from  which  end,  it  was 
energized.  It  may  keep  watch  over  the  care  of  aluminum  light- 
ning arresters  in  respect  to  charging  them  proixjrly  and  at  correct 
intervals,  and  that  they  are  not  abused  by  charging  them  for 
too  long  a  time.  The  connections  of  the  multi -recorder  can  be 
used  to  make  the  load  dispatcher's  dummy  switchboard  in  a 
power  station  automatic.  More  rapid  switching  can  be  carried 
on,  as  the  exact  conditions  are  always  before  him.  Signals  and 
responses  from  one  part  of  the  station  to  another  can  be  recorded, 
also  starting,  synchronizing  and  stopping  generators,  operation 
of  ventilating  motors,  and  various  auxiliary  apparatus.  De- 
termination of  the  value  of  the  overhead  ground  wire  of  a 
transmission  line  by  recording  the  lightning  strokes  (ordi- 
narily recorded  by  puncturing  paper)  is  feasible,  in  which  ap- 
plication the  instrument  would  take  the  ])lace  of  a  large  corps 
of  observers  located  along  the  line,  and  with  elimination  of  the 
confusing  uncertainties  of  many  observations  tempered  by  the 
personal  equation  of  difTerent  individuals.  Its  reliability  and 
utility  in  practical  service  have  already  been  fully  demonstrated 
for  those  of  the  foregoing  purposes  to  which  it  has  been  thus- 
far  applied. 

The  probable  utility  of  the  multi-recorder  in  automatically 
noting  the  time  and  duration  of  application  of  successive  steps 
in  manufactiuing  processes  suggests  itself;  it  might  be  a  process 
for  making  insulating  material,  requiring  exact  intervals  of 
application  of  current  potential  and  heat,  or  processes  in  a 
chemical  works,  or  in  refineries,  etc.  It  might  be  applied  in 
boiler  rooms  of  large  power  stations  to  check  the  testing  of 
gages,  the  opening  and  closing  of  valves,  dampers,  firing  opera- 
tions, etc. 

The  operations  going  on  in  railway  switch  towers  at  import- 
ant crossings  and  at  large  yards  and  terminals  are  easily  within 
the  ability  of  the  instrument  to  record;  likewise  record  may  be 
made  at  headquarters  of  the  calls  from  police  telephone  and 
fire  alarm  boxes. 

Tally  can  be  kept  on  the  operation  of  some  machine  tools, 
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for  instance,  punch  presses,  to  insure  that  the  normal  output 
is  forthcoming. 

The  time  when  employees  come  on  and  go  off  duty  can  be 
centrally  recorded. 

We  have  before  us  the  24-hour  power  log  of  a  cement  manu- 
facturing company,  in  the  form  of  a  large  sheet  ruled  off  verti- 
cally for  time,  and  horizontally  for  apparatus,  and  for  various 
other  data,  the  record  of  which  is  to  be  noted  each  hour.  The 
record  for  **  apparatus  in  operation,"  includes  engine-driven 
generators,  exciters,  air  compressers,  condensers,  pumps,  stoker 
engines,  boilers,  and  fifty-one  motors;  there  are  also  places  for 
record  of  load  curve,  wattmeter  readings,  general  data,  mis- 
cellaneous readings,  coal  data,  and  crews  on  duty. 

This  log  is  filled  in  daily  by  hand.  The  record  for  all  the  ap- 
paratus noted  above  could  be  made  by  a  multi-recorder,  and 
also  that  for  the  crews  on  duty.  The  application  would  in  this 
instance  be  easy,  and  not  necessarily  call  for  an  automatic 
electric  contact  device  on  the  apparatus  to  cause  a  record. 
The  duty  of  the  man  on  the  job  would  simply  be  to  press  one 
electric  button  when  an  apparatus  was  started,  and  press  an- 
other when  it  stopped.  This  I  believe  would  insure  proper 
attention  to  duty  in  most  cases.  The  man  would  know  that 
his  record  was  made  beyond  his  ability  to  alter  it,  when  he 
pressed  the  button,  and  he  would  be  likely  to  see  to  it  that  the 
record  was  made  at  the  right  time.  If,  however,  circiunstances 
should  make  it  important  to  record  the  operation  of  apparatus 
beyond  any  doubt,  a  suitable  electric  switch  device  could  be 
applied  thereto;  this  would  absolutely  prevent  tampering  with 
the  time  recorded.  The  log  now  used  presents  every  oppor- 
tiuiity  for  tampering,  to  the  extent  that  the  operative  learns 
from  experience  what  can  be  done  without  detection;  it  also  offers 
a  chance  for  errors  rcstdting  from  not  making  a  record  at  the 
proper  time,  but  neglecting  so  to  do  and  trusting  to  memory 
to  fill  it  in  at  a  later  time.  The  face  of  this  log  is  an  additional 
suggestion  of  possible  fields  for  the  commercial  application  of 
the  multi-recorder. 
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THE  PRESENT  STATUS  OF  ALUMINUM-CELL  LIGHTNING 

ARRESTERS 


BY    E.  E.  F.  CREIGHTON 


Abstract  of  Paper 


This  paper  gives  a  brief  survey  of  the  conditions  of  operation 
of  aluminum-cell  arresters,  without  any  description  of  the  forms 
of  the  arresters.  References  are  made  to  recent  investigations 
of  lightning  phenomena  and  their  possible  effects  on  the  design 
of  protective  apparatus  used  at  present.  The  d-c.  aluminum  ar- 
rester is  most  economical  and  represents  the  highest  possible 
grade  of  protection.  In  connection  with  the  a-c.  aluminum 
arrester  the  following  points  are  discussed:  dielectric  spark  lag, 
dissolution  of  film,  charging  resistance,  oscillations,  damping,  de- 
grees of  surges  due  to  natural  operations  and  accidents,  and  in- 
sulations which  withstand  these  surges.  Charging  resistance  on 
aluminum  arresters  is  chosen  to  make  surges  harmless,  and  the 
charging  resistance  gives  great  immunity  from  damage  to  the 
arrester  itself  by  any  accidental  and  temporary  local  condition 
in  the  arrester.  In  conclusion,  the  aluminum-cell  arrester  may 
justly  be  regarded  as  a  standardized  electrical  device  founded  on 
solid  fundamental  principles. 


ALTHOUGH  the  aluminum-cell  lightning  arrester  is 
now  many  years  old  in  practise,  there  is  available  in  the 
Transactions  of  the  Institute  very  little  definite  scientific 
information  on  this  subject.  It  has  seemed  preferable  to  produce 
certain  results  rather  than  describe  beforehand  how  such  restJts 
were  to  be  obtained.  The  practise  of  the  aluminum  arrester 
has  now  settled  dowTi  to  definite  sets  of  conditions,  and  it  is  the 
object  of  this  paper  to  consider  standard  conditions  and  open  up 
the  subject  to  discussion.  Aluminum  lightning  arresters  will  be 
treated  in  general  on  points  that  may  seem  debatable.  No 
detailed  description  of  apparatus  will  be  given  herein. 

The  question  is  often  asked — Will  certain  types  of  arresters 
be  superseded?  In  very  few  cases  has  it  been  possible  to  give  a 
definite  answer  to  such  a  question,  owing  to  incomplete  knowl- 
edge of  cloud  lightning  phenomena.  It  has  been  possible  to  say 
that  if  future  investigations  of  cloud  lightning  prove  that  every 
lightning  stroke  is  of  high  frequency  and  steep  wave  front, 

293 


294  CREIGHTON:  ALUMINUM  ARRESTERS       [Feb.  27 

certain  changes  would  come  about  under  these  conditions;  it 
would  be  possible  to  prophesy,  with  considerable  confidence, 
that  many  types  of  lightning  arresters  now  in  use  would  disap- 
pear. The  natural  growth  of  protection  would  be  along  the  line 
of  various  types  of  high-frequency  absorbers. 

If,  on  the  other  hand,  it  .should  be  shown  that  lightning  is 
always  of  low  frequency,  and  gives  the  surge  a  sloping  wave  front, 
then  again,  it  would  be  fairly  safe  to  prophesy  the  contrary — 
that  very  few  of  the  lightning  arresters  now  in  use  would  disap- 
pear, and  that  probably  no  other  devices  would  take  their  place. 

Recent  investigations  of  lightning  phenomena  have  confirmed 
our  views  that  cloud  lightning  has  wave  fronts  of  various  degrees 
of  steepness,  and  without  question  some  of  the  lightning  strokes 
are  not  high-frequency  effects  but  are  of  the  nature  of  simple 
impulses.  The  writer's  recent  experiences  along  this  line  have 
been  gained  by  indirect  methods.  Lightning  arresters  have  been 
put  out  which  were  sensitive  to  very  high  frequencies,  and  at 
high  frequencies  had  very  good  protective  qualities;  but  at  very 
low  frequencies  their  spark  potentials  were  greater  than  at  high 
frequency.  Other  arresters  equally  sensitive  to  both  high  and 
low  frequencies  have  been  installed  in  the  same  locality.  This 
experience  has  indicated  that  many  of  the  strokes  are  of  low 
frequency.  The  most  valuable  and  practical  investigation  of 
lightning  arresters  that  has  yet  been  made  on  a  large  scale  has 
been  carried  on  by  Mr.  D.  W.  Roper,  and  no  doubt  these  results, 
which  are  incomplete  at  the  present  time,  will  be  made  available 
at  some  later  date.  More  direct  measurements  of  lightning 
taken  with  an  oscillograph  have  been  made  by  Mr.  L.  A.  De 
Blois.  These,  I  believe,  are  the  most  valuable  direct  tests  that 
have  been  made  in  many  years.  I  am  personally  indebted  to 
both  Mr.  Roper  and  Mr.  De  Blois  for  information  on  their 
researches,  and  I  understand  that  their  valuable  work  will  be 
presented  to  the  Institute  at  some  future  meeting.* 

In  the  development  of  the  present  standard  arresters  our 
knowledge  of  lightning  gave  us  no  alternative  but  to  assume  that 
lightning  had  all  the  characteristic  qualities  of  the  various 
surges  that  could  be  produced  in  the  laboratory.  For  example, 
we  have  assumed: 

That  the  frequency  might  be  from  zero  to  5,000,000  cycles 
per  second. 

•See  paper  by  L.  A.  DeBlois,  Some  Investigations  on  Lightning  Pro- 
tection for    Buildings,  page  519,  this  volume. 
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That  the  wave  front  might  be  either  vertical  or  angtilar. 

That  the  quantity  of  electricity  was  both  large  and  small. 

We  have  known  from  our  eariiest  investigations  that  several 
strokes  came  in  succession.  It  was  also  necessary  to  take  into  ac- 
count the  effects  of  the  energy  from  the  generator  which  followed 
the  lightning  discharges.  In  this  way  we  have  endeavored  to  be 
prepared  to  meet  any  new  information  that  might  come  con- 
cerning lightning  strokes.  Naturally,  all  these  different  factors 
could  not  be  given  equal  weight  in  the  design,  and  therefore, 
as  more  definite  information  regarding  the  nature  of  lightning 
is  obtained,  the  designs  will  be  strengthened  in  the  features 
that  these  investigations  may  show  are  weak.  It  is  a  matter  of 
increasing  the  ultimate  efficiency  by  a  small  percentage. 

The  direct-current  aluminum  arrester  is  practically  ideal  from 
the  standpoint  of  protection.  It  has  no  series  gap  and  therefrom 
it  gains  two  valuable  characteristics:  the  first  of  these  is  the  elim- 
ination of  any  dielectric  spark  lag;  and  the  second  is  the  ab- 
sorption of  high  frequencies  which  have  a  less  potential  than  the 
circuit  potential.  Commenting  on  these  two  conditions,  the 
dielectric  spark  lag,  although  it  is  ever  so  small,  is  still  appreciable 
as  compared  with  the  time  of  movement  of  a  surge  along  over- 
head lines.  A  surge  will  travel  a  mile  (1.6093  km.)  in  about 
five  millionths  of  a  second.  If  the  surge  is  a  mile  long,  and  the 
dielectric  spark  lag  is  five  millionths  of  a  second,  such  a  surge 
will  have  passed  along  the  line  without  starting  a  spark  across 
the  gap.  The  only  means  of  discharging  such  a  surge  would  be 
by  introducing  a  choke  coil  in  its  path  and  thus  delaying  its  move- 
ment sufficiently  to  allow  the  spark  gap  to  become  ionized. 
Since  the  spark  gap  of  the  a-c.  aluminum  arrester  has  a  setting 
which  may  be  only  25  per  cent  above  the  line  potential,  high- 
frequency  surges  can  be  deflected  into  the  arresters  if  the 
potential  either  of  the  surge  or  the  superposed  value  on 
the  60-cycle  potential  reaches  the  spark  value.  If  the  generated 
potential  happens  to  be  zero  at  the  instant,  it  is  evident  that  the 
surge  itself  must  have  a  value  25  per  cent  above  normal  in  order 
to  cause  the  arrester  gap  to  spark.  The  d-c.  aluminum  arrester, 
by  its  direct  connection,  is  able  to  pick  uj)  surges  of  all  frequencies 
and  all  potentials  immediately  on  their  arrival  at  the  terminals 
of  the  arrester. 

The  practical  demonstration  of  the  protection  afforded  by 
these  d-c.  aluminum  arresters  confirms  the  theoretical  work  and 
experimental  tests  made  on  the  cells.     The  discharge  rate  at 
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double  potential  is  more  than  a  million  times  as  great  as  the  leak- 
age current  at  normal  potential. 

From  a  practical  standpoint,  the  cost  of  such  arresters  must  be 
considered.  While  the  cost  and  upkeep  of  the  d-c.  alumintun 
arrester  is  greater  than  for  the  older  types  using  gaps  and  series 
resistances,  still  the  aluminum  arrester  is  the  more  econom- 
ical one  to  use.  The  higher  protection  given  by  the  cells  would 
justify  some  increase  in  expense  on  account  of  the  better  service 
that  can  be  maintained.  But,  as  a  matter  of  fact,  the  actual 
expenditure  for  the  protection  as  a  whole  becomes  less,  due  to 
the  fact  that  good  protection  on  the  cars  makes  a  less  demand 
for  the  use  of  arresters  along  the  trolley  line.  The  saving  in  the 
cost  of  line  arresters  will  more  than  compensate  for  the  extra 
cost  and  upkeep  of  the  aluminum  arrester.  Moreover,  even 
with  the  very  best  types  of  gap  arresters  on  trolley  cars  and 
trolley  lines  it  is  impossible  in  lightning-infested  districts  to 
maintain  the  car  service.  The  percentage  of  protection  from  the 
gap  type  of  arresters  is  not  high  enough  even  when  the  best  ar- 
rangement of  wiring  and  choke  coils  is  used  in  conjunction  with 
the  arresters. 

There  is  one  further  function  of  the  d-c.  aluminum  arrester 
that  has  considerable  value,  and  that  is  the  absorption  of  electro- 
magnetic surges  coming  from  the  interruption  of  accidental  short 
circuits  on  the  trolley  line.  Such  high  potential  across  loaded 
motors  has  a  tendency  to  cause  flashing  around  the  commutators. 
If  the  flashing  around  the  commutator  is  caused  by  the  excess 
potential,  then  the  d-c.  aluminum  arrester  will  relieve  the  trouble. 

Answering,  then,  the  frequently  asked  question — Will  the 
d-c.  aluminum  arrester  be  superseded? — the  answer  is,  in  prin- 
ciple, no.  Improvement  in  details  may  be  made,  and  there  may  be 
discovered  some  new  and  better  substance  than  the  aluminum 
film,  but  none  is  yet  knowTi.  Any  degree  of  protection  that  is  de- 
sired at  its  terminals  can  be  obtained  by  the  use  of  this  arrester. 
An  improvement  in  the  length  of  life  of  the  arrester  is  desirable, 
but  this  will  not  be  superseding  it.  The  discovery  of  some  new 
substance  that  will  give  the  same  electric  valve  effect  at  a  defi- 
nite voltage  only  slightly  above  the  operating  voltage  would  be 
no  particular  improvement,  unless  perhaps  it  might  be  something 
that  would  not  deteriorate  when  left  disconnected  from  the  cir- 
cuit. 

Turning  next  to  the  a-c.  aluminum  arrester,  it  was  found 
impracticable  to  maintain  simplicity  and  long  life  in  the  arrester 
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and  at  the  same  time  keep  the  arrester  directly  connected  to 
the  circuits.  For  this  reason  the  horn  gap  was  introduced  in 
series  with  the  aluminum  cells.  Since  the  hydroxide  films  on 
the  aluminum  plates  gradually  dissolve  in  the  electroljrte  it 
becomes  necessary  to  introduce  a  method  of  charging  the  cells. 
The  simplest  method  was  first  tried :  it  consisted  of  bringing  the 
horns  near  each  other  and  reducing  the  gap  to  a  very  small 
value.  Many  trial  installations  were  made  under  these  conditions 
and  no  bad  effects  were  obtained.  When  the  number  of  arresters 
in  use  ran  up  into  the  thousands,  then  an  occasional  trouble 
resulted  from  the  rush  of  current  into  the  aliuninum  cells. 

The  aluminum  cells  are  condensers  and  as  such  will  take 
initially  a  considerable  rush  of  current.  Furthermore,  the  dis- 
solution of  the  aluminum  films  required  a  considerable  quantity  of 
electricit}'  from  the  line  to  reform  them.  Where  the  films  had  been 
subjected  to  unusual  dissolutions  either  by  standing  in  hot  electro- 
lyte, resulting  from  atmospheric  temperature  or  long  periods  of 
discharging,  or  from  neglect  to  charge,  the  current  rush  into  the 
altmiinum  cells  became  a  serious  menace,  mostly  to  the  arrester 
itself.  Since  there  is  no  external  indication  of  a  bad  condition 
of  the  aluminum  cells,  even  an  expert  would  be  unable  to  know 
if  it  were  permissible  to  close  the  charging  gap  of  the  arresters. 
This  led  naturally  to  the  use  of  charging  resistances  in  series 
during  the  ten  seconds  a  day  needed  to  charge  the  arrester. 
The  charging  resistance  is  an  added  expense  and  an  added  com- 
plication. But  the  added  complication  is  relatively  small,  and  the 
all-around  increase  in  the  safety  of  the  arrester  is  great  enough 
to  justify  both  the  cost  and  complication,  from  the  user's  stand- 
point. 

The  subject  of  possible  surges  accompanying  the  charging  of 
aluminum  arresters  is  one  far  more  pertinent  in  an  article  written 
for  foreign  readers  than  in  one  for  American  engineers.  The  for- 
eign operators  seem  to  have  had  misfortunes  with  their  arresters 
that  have  not  been  duplicated  in  America.  The  reason  for  this 
might  be  attributed  to  a  number  of  different  causes,  depending 
upon  the  country  and  the  localities.  These  reasons  might  be 
enumerated  as  methods  and  care  in  manufacture,  the  lack  of 
definite  and  emphatic  instructions  to  operators,  poor  distribution 
of  insulation  in  transformer  coils,  and  difficult  situations  caused 
by  any  one  of  several  factors,  such  as,  for  example, — high  temper- 
ature, bad  regulation  of  the  line,  and  insufficient  care  after  an 
arrester  had  been  called  on  to  discharge  continuously  during  an 
accidental  ground. 
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The  general  results  from  any  one  or  more  of  the  foregoing 
enumerated  factors  may  be  classified  under  two  heads:  first,  a 
short  circuit  in  the  arrester  and  consequent  interruption  on  the 
line;  and  second,  surges  set  up  on  the  line  without  any  damage 
to  the  arrester.  Nearly  all  these  conditions  can  be  rendered 
harmless  by  the  use  of  charging  resistances.  The  one  important 
exception  is  the  matter  of  bad  regulation  of  a  line  in  which  the 
power  voltage  is  allowed  to  rise  to  values  above  the  spark 
potential  of  the  arrester.  Under  these  conditions  of  discharge 
the  arrester  is  no  longer  being  used  as  such,  but  rather  as  a  rheo- 
stat to  absorb  the  generated  power.  The  arresters  cannot,  at 
any  reasonable  expense,  be  designed  to  act  as  rheostats. 
WMle  it  might,  in  special  cases,  be  possible  to  develop  arresters 
which  would  withstand  these  conditions,  the  better  solution  of 
the  problem  is  to  improve  the  regulation.  If  care  in  manufactur- 
ing the  altuninum  plates  and  the  electrolyte  is  not  taken, 
and  the  installation  made  free  of  dirt  and  impurities  in  the  elec- 
troljrte,  more  or  less  deteriorated  conditions  will  exist  through- 
out the  life  of  the  arrester.  Certain  kinds  of  impurities  have 
a  strong  destructive  effect  on  the  films.  A  condition  of  \m- 
usually  high  operating  temperature  may  call  for  an  electro- 
lyte especially  adapted  to  high  temperatures,  or  it  may 
simply  be  taken  care  of  by  charging  two  or  more  times  a  day. 
Dissolution  of  the  film  from  standing  in  hot  electrolyte  after  the 
arrester  has  discharged  continuously  for  a  number  of  minutes  can 
cause  no  trouble  if  a  reasonable  charging  resistance  is  used,  as  the 
series  resistance  limits  the  current  to  a  value  which  will  not 
damage  the  arrester.  With  the  exception,  then,  of  high  genera- 
tor potentials  from  bad  regulation  of  voltage,  there  is  no  diffi- 
cult problem  connected  with  the  use  of  aluminum  arresters. 

A  discussion  of  the  aluminum  arresters  would  not  be  complete 
without  some  reference  to  the  possible  surges  that  may  be  set 
up  by  the  charging  of  the  arrester.  Surges  on  an  electrical 
system  may  be  considered  in  a  list  of  ascending  degrees  of  severity. 
TiuTiing  on  an  incandescent  lamp  sets  up  an  electric  wave  on  the 
system  by  calling  on  the  generator  for  more  power.  A  surge 
of  this  kind  is  of  the  third  order  of  importance,  and  therefore, 
entirely  negligible.  It  is  well  known  that  any  spark  or  arc  in  the 
circuit  containing  inductance  and  capacity  tends  to  set  up  oscil- 
lations, but  if  the  resistance  in  series  is  equal  to,  or  greater  than, 
the  critical  resistance,  oscillations  will  be  prevented. 

It  is  common  practise  to-day  to  open  and  close  circuits  which 
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contain  inductance  and  capacity  without  introducing  in  series 
a  resistance  to  absorb  the  transient  surges  that  are  thereby  set  up. 
It  is  also  common  practise  to-day  to  use  circuit  breakers  to  open 
accidental  short  circuits  in  which  there  is  a  high  value  of  surge 
energy,  and  sometimes  high  voltages. 

Going  still  a  step  further,  every  circuit  is  subject  to  accidental 
arcing  grounds,  which  produce  continually  on  the  circuit  danger- 
ous surges  which  are  often  but  slightly  damped.  It  is  diffictdt  to 
protect  apparatus  from  these  most  severe  conditions  of  surges. 
In  general,  however,  apparatus  is  built  to  withstand  severe 
treatment,  and  there  is  but  a  small  percentage  of  loss.  There- 
fore, when  we  come  to  consider  surges  on  the  system  we  should 
take  into  account  the  conditions  of  insulation  in  relation  to  the 
severity  of  the  surge. 

In  all  these  graded  degrees  of  severity  of  surges,  where  should 
the  aluminum  arrester  be  placed?  If  there  were  a  demand  for  it, 
the  arrester  could  be  placed  in  the  list  next  to  the  negligible  surge 
of  connecting  an  incandescent  lamp  to  the  circuit,  and  this 
could  be  accomplished  by  using  graded  resistance  in  charging. 
In  view  of  the  insulation  of  the  apparatus  that  is  needed  for  the 
usual  condition  of  operation  and  to  withstand  the  inevitable 
accidents  which  cause  severe  surges  from  time  to  time,  the  use 
of  graded  charging  resistance  would  be  a  needless  and  inconsis- 
tent precaution.  It  is  sufficient  to  say  that  it  could  be  done  if  it 
were  desired. 

What  is  actually  done  is  more  reasonable.  A  relatively  large 
value  of  resistance  is  used  in  the  charging  circuit,  limiting  the 
current  to  a  range  of  5  to  15  amperes.  Charging  resistances  are 
an  intrinsic  part  of  aluminum  arresters  as  now  manufactured. 
Strong  recommendations  have  been  made  to  operators  to  add 
them  to  their  older  arresters.  A  characteristic  answer  is  to  the 
effect  that  **  our  arresters  have  been  charged  through  a  gap  for 
six  years  without  trouble,  and  we  are  satisfied.**  The  change 
is  brought  about  not  by  reason  of  surges,  unless  they  cause 
telephone  interference,  but  rather  on  the  ground  that  the  arres- 
ter is  made  more  immune  from  damage  to  itself. 

In  foreign  countries,  v\4th  their  water  jets  and  resistance  types 
of  arresters,  the  controversy  over  arresters  still  waxes  as  warm 
as  it  did  here  in  the  formative  period  some  eight  or  ten  years  ago. 
The  following  argument  is  advanced  against  the  aluminum 
arresters:  admitting  that  the  charging  resistance  does  away  with 
the  surges,  what  about  the  heavy  strokes  which  cannot  pass 
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through  the  charging  resistance  and  therefore  jump  the  main 
gap  directly  into  the  cells  to  ground?  To  anyone  familiar  with 
the  practise  here  up  to  1913  an  answer  is  unnecessary.  If  this 
discharge  path  were  a  menace,  devices  could  be  used  to  mitigate 
it.  The  nature  of  the  menace  can  be  understood  by  a  review 
of  the  past  practise.  There  are  several  thousand  altunintun 
arresters  in  use  that  have  been  charged  through  a  gap  without 
series  resistance.  Good  practise  now  condemns  the  method,  but 
there  it  is.  Ten  seconds*  charge  a  day  produces  over  a  thousand 
makes  and  breaks.  There  would  therefore  be  more  than  a 
million  total  made  per  day  and  more  than  a  billion  in  a  few  years. 
Judging  by  the  rare  cases  of  trouble  in  this  vast  number  it  cannot 
be  much  of  a  risk  to  allow  a  few  discharges  per  year  to  pass 
directly  to  ground  through  the  aluminum  cells,  especially  in 
face  of  the  fact  that  such  a  surge  is  so  dangerously  large  that  it 
cannot  be  relieved  through  the  resistance,  and  therefore  the  surge 
itself  is  an  imdoubted  menace  to  the  insulation  as  it  runs  wild 
over  the  electrical  system  at  186,000  miles  per  second. 

The  status  of  the  alim^num  arrester,  therefore,  is  that  of  a 
device  founded  on  the  solid  principle  of  a  safety  valve.  It  has 
definite  limits  of  maximum  current  discharge  rate  and  of  energy 
absorption,  beyond  which  damage  to  the  arrester  will  result. 
In  this  respect  it  is  no  different  from  other  standard  apparatus. 
Years  of  experience  have  demonstrated  that  these  limits  are  far 
above  the  usual  demands  of  practise,  but  naturally  it  is  not  impos- 
sible to  pass  them.  The  flexibility  to  meet  special  conditions  is 
great.  Film  area,  internal  resistance,  relative  gap  settings, 
external  resistance — all  are  readily  adjustable  to  the  demands 
which  may  possibly  come  as  our  knowledge  of  lightning  and 
other  surge  phenomena  is  increased. 
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Discussion  on  *The  Present  Status  of  Aluminum-Cell 
Lightning  Arresters  *'  (Creighton),  New  York,  Feb- 
ruary 27,  1914. 

V.  Elarapetoff :  I  would  like  to  ask  Dr.  Creighton  whether  he 
has  had  any  experience  with  the  glass  condensers  and  valves 
made  in  Switzerland  and  known  there  as  the  Moscicki  condensers 
and  Giles  valves. 

F.  W.  Peek,  Jr.:  It  is  some  time  since  I  have  been  actively 
connected  with  work  on  the  aluminum  lightning  arrester.  A 
number  of  years  ago  I  had  the  good  fortune  to  be  able  to  make  a 
study  of  lightning  and  the  operation  of  the  aluminum  arrester 
on  a  practical  line  in  Colorado.  We  had  the  co-operation  of  one 
of  the  operating  companies  in  the  experiments  on  this  system, 
which  was  high  up  in  the  mountains.  It  was  a  17,000-volt  net- 
work and  a  50,000-volt  main  transmission,  with  a  50 ,000- volt 
idle  line  upon  which  to  experiment.  Various  forms  of  lightning 
arresters  had  been  tried  by  this  company  without  success.  It 
was  practically  impossible  to  continue  operation  during  a  storm. 
At  this  time  the  aluminum  arrester  was  very  new  and  we  did 
not  intend  to  make  use  of  it  as  a  practical  protection;  our  idea 
was  to  make  a  study  of  lightning  itself.  However,  in  an  attempt 
to  improve  operating  conditions  it  was  decided  to  install  a  few 
aluminum  arresters.  These  arresters  could  not  be  obtained  from 
the  factory  at  that  time.  It  was  a  very  difficult  country  to  get 
into.  A  sufficient  number  of  aluminum  cones  was  obtained, 
however;  containing  tanks  were  built  in  the  mountains,  and  the 
electrolyte  was  com])()undcd  from  chemicals  bought  at  a  local  drug 
store.  An  arrester  was  thus  built  up  and  put  into  operation,  and 
it  did  very  good  service.  It  was  decided  to  install  a  few  more. 
At  a  later  period  in  the  season  these  were  obtained  from  the 
factory  and  were  distributed  to  various  substations.  During 
the  latter  part  of  that  season  there  were  very  severe  storms  and 
very  little  trouble.  Many  improvements  have  since  been  made 
in  the  arrester,  notably  in  the  electrolyte  and  in  the  addition  of 
charging  resistance. 

The  aluminum  arrester  is  tlie  only  arrester  at  present  that  can 
take  care  of  a  condition  of  high-energy  lightning  discharges  of 
moderately  steep  wave  front  or  moderate  frequency.  This  is 
often  the  only  condition ;  generally  the  prevailing  one  that  must 
be  met.  Good  protection  is  thus  obtained  in  the  majority  of 
cases,  with  an  occasional  miss  during  the  season.  There  are  cer- 
tain conditions,  generally  in  the  minority,  but  which  occasionally 
on  a  few  systems  are  the  prevailing  ones,  which  no  arrester  with  a 
gap  can,  unaided,  satisfactorily  take  care  of.  These  conditions 
are: 

1.  Lightning  impulses  of  exceedingly  steep  wave  front  and 
high  voltage. 

2.  Impressed  high  frequency  of  a  voltage  insufficient  to  dis- 
charge the  gap. 
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In  condition  (1),  the  dielectric  breakdown  time  lag  of  the 
gap  may  prevent  discharge  of  the  arrester  before  discharge  takes 
place  at  some  weak  point  in  the  system. 

In  condition  (2),  discharge  does  not  take  place  at  the  gap 
because  the  voltage  is  not  high  enough,  but  the  oscillations  may 
build  up  high  voltage  internally  in  an  apparatus  containing 
inductance  and  capacity. 

Both  conditions  (1)  and  (2) — which  may  be  considered  as  more 
or  less  special — ^may  be  taken  care  of  by  the  proper  arrangement 
of  resistance,  inductance  and  capacity. 

Good  engineering  requires  as  high  system  insulation  as  is 
economically  possible,  with  the  weak  point  at  the  lightning 
arrester. 

L.  C.  Nicholson:  Electrolytic  lightning  arresters  are  coming 
to  be  very  widely  used,  and  I  think  by  this  time  they  are  recog- 
nized as  the  standard  type  of  station  arrester,    i 

Frequently  the  question  is  asked — Are  they  efficient?  Are 
they  necessary?  We  operating  people  reply  by  saying,  **  Yes, 
theyarenecess:iry,if  you  think  so,*'  the  result  being  that  most  of 
us  are  afraid  to  leave  them  off.  As  far  as  I  am  acquainted  with 
the  operating  results  of  this  type  of  arrester,  there  is  seldom  any 
apparatus  damaged  when  protected  by  such  an  arrester, 
and  I  will  also  say  that  when  the  apparatus  is  not  protected 
by  such  an  arrester,  there  is  very  seldom  any  damage.  So  it  ap- 
pears that  the  arrester  is  all  right.  Except  on  extremely  highly 
insulated  transmission  lines,  damage  to  high-tension  apparatus 
in  the  station  by  lightning  is  rare. 

Usually  lightning  effects  are  so  localized  that  the  line  has  its 
own  trouble  and  keeps  it.  I  am  acquainted  with  an  installation 
which  uses  a  pretty  wide  gap  between  the  line  conductor  and 
earth,  say  100  per  cent  over  voltage,  which  discharges  once  a  year, 
and  which  seems  to  be  about  all  the  protection  that  the  station 
apparatus  really  needs,  judging  from  the  fact  that  no  station 
apparatus  has  been  punctured.  I  am  acquainted  with  other 
stations  which  have  electrolytic  lightning  arresters  and  which 
are  not  troubled  by  lightning  and  I  am  acquainted  with  some 
which  have  electrolytic  lightning  arresters  and  are  troubled  by 
lightning,  so  that  it  is  very  much  of  a  question  as  to  whether 
lightning  will  or  will  not  do  damage  under  certain  conditions  of 
station  protection. 

At  least,  the  aluminum  electrolytic  lightning  arresters  have 
been  developed  to  a  point  where  there  is  no  longer  any  danger  of 
their  exploding  or  giving  any  trouble  on  their  own  account  if 
properly  cared  for,  and  the  usual  station  attendant,  with  suffi- 
cient instructions,  can  properly  care  for  the  arresters  and  keep 
them  in  proper  service.  I  feel  sure  that  the  addition  of  charging 
resistance  has  been  of  great  benefit  to  the  operation  of  this  ar- 
rester. 

The  pity  is  that  these  arresters  cannot  extend  their  influence 
beyond  half  a  mile  from  the  station.  In  most  cases  the  trouble 
is  beyond  that  point. 
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C.  O.  Mailloux:  Reference  has  been  made  to  the  character  of 
the  "  front  "  of  the  wave  which  strikes  a  line  or  a  portion  of 
circuit  protected  by  lightning  arresters.  It  is  known  that  the 
vertical  front  of  a  wave  may  be  flattened  out  and  sharpened  to  a 
point,  so  to  speak,  in  passing  through  a  reactance.  It  would 
seem  therefore,  as  if  one  might  expect  that  the  character  of  the 
wave-front  would  depend  somewhat  upon  the  distance  from  the 
apparatus  at  which  the  lightning  strikes  the  line.  One  .might 
expect  that  the  lightning  strilang  the  line  very  close  to 
the  lightning  arresters  would  produce  a  current-wave  having  a 
squarer,  straighter  front,  a  more  vertical  one,  than  if  it  struck 
at  some  distance,  owing  to  the  difference  in  line-reactance.  It 
may  be  that  in  most  cases  this  would  not  make  much  difference. 
In  any  case,  it  should  be  possible  to  alter  the  wave-front,  to  some 
extent,  by  the  introduction  of  artificial  reactance. 

C.  P.  Steinmetz:  I  wish  to  refer  to  only  a  few  features. 
Setting  aside  failures  of  insulation  due  to  weakness  or  poor  design 
of  bushings,  insulators,  etc.,  it  occasionally  happens  that  even 
a  good  lightning  arrester  fails  to  protect  coils  of  transformers. 
The  explanation  of  this  is  a  featiu*e  which  I  have  endeavored  to 
make  clear  in  my  paper.  These  failures  mean  merely  that  when 
we  speak  of  lightning  we  do  not  know  the  nature  of  the  surge,  and 
it  is  necessary  to  make  such  studies  as  will  determine  it — why  at 
times  the  surges  cause  damage  and  other  times  they  do  not. 

The  aluminum  arrester,  with  a  gap  in  series,  may  protect 
against  any  surge  which  reaches  the  aluminum  cells.  Any  dis- 
tiu*bance  of  a  voltage  less  than  that  which  will  jump  the  gap  and 
thus  reach  the  aluminum  cells  naturally  cannot  be  absorbed  by 
the  aluminimi  cells.  Therefore ,  if  we  have  a  high-frequency  oscil- 
lation of  a  voltage  sufficiently  low  not  to  jump  the  spark  gap  and 
incidentally  sufficiently  low  not  to  do  any  damage  to  the  line,  such 
a  voltage  may  not  be  able  to  do  harm  to  the  insulation  from  line 
to  ground,  but  when  massing  of  the  surge  occurs  in  a  few  turns 
of  reactance,  such  as  a  single  coil  of  a  transformer,  it  may  do  very 
great  damage,  because,  while  the  apparatus  is  designed  to  stand 
the  line  voltage,  it  is  not  designed  to  stand  half  the  line  voltage 
across  say  one-hundredth  or  one-thirtieth  of  the  circuit.  The 
main  trouble  due  to  high  frequency  comes  from  the  local  mass- 
ing of  voltage  across  the  reactance. 

In  speaking  of  high  frequency  we  may  refer  to  various  different 
effects,  and  we  also  usually  mean  a  thing  which  is  not  high  fre- 
quency at  all,  is  not  even  oscillation — it  is  steep  wave  front. 
A  steep  wave  front,  to  some  extent,  causes  the  same  trouble, 
namely  the  same  massing  of  voltage,  but  in  other  respects  it  is 
very  different.  Some  types  of  protective  devices,  like  the 
multi-gap  arrester,  are  very  sensitive  to  high  frequency,  and  will 
discharge  high-frequency  surges  of  voltages  much  less  than  the 
operating  voltage,  but  they  are  not  sensitive  to  steep  wave  front 
and  may  allow  steady  voltages  of  steep  wave  front  to  rise  far  above 
the  drctiit  voltage  without  discharging. 
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Another  illustration  of  this  difference  is  given  by  the  applica- 
tion of  a  condenser.  Where  there  is  very  high  frequency,  a 
condenser  shunted  from  line  to  ground  may  bypass  or  practically 
short-circuit  the  high  frequency,  but  where  there  is  a  unidirec- 
tional wave  the  condenser  will  take  a  charge  and  thereafter 
offers  no  obstruction  to  the  rise  in  voltage. 

We  must  realize  that  electrostatic  capacity  is  not  a  lightning- 
protective  device — is  not  by  itself  a  protection.  A  capacity  from 
line  to  ground  merely  is  a  thing  which  will  charge  and  store  the 
energy.  The  storage  is  transient  and  the  energy  in  the  condenser 
must  be  returned  to  the  circuit.  Thus  the  condenser  in  the  line 
will  have  no  effect  at  all  on  steady  voltage,  or  on  low  frequency. 
The  favorable  action  the  condenser  can  have  is  apparently  to 
short-circuit  disturbances  of  relatively  high  frequency. 

Such  disturbances,  in  my  opinion,  are  rare,  if  they  exist  at  all 
on  transmission  lines.  For  the  reason  that  the  capacity  of 
the  transmission  line  is  so  large,  compared  with  the  capacity 
which  can  economically  be  provided  for  in  a  condenser,  any  small 
condenser  which  can  be  shunted  across  the  lines  at  the  station 
would  not  be  capable  of  appreciably  short-circtiiting  the  surge. 
Thus  the  high- voltage  and  the  high-frequency  disturbances  of 
such  voliune  and  such  current  as  can  come  in  over  the  line  are  not 
cared  for  by  any  condenser  of  practicable  size. 

It  is  different  when  the  surge  comes  from  the  other  direction — 
that  is,  where  the  high-frequency  disturbance  comes  from  the 
station.  In  the  transformer,  as  in  the  line,  the  circuits  have  dis- 
tributed inductance  and  capacity,  but  in  the  transformers  the 
inductance  is  very  much  greater,  and  the  capacity  very  much 
less  than  in  the  line,  and  therefore  the  ratio  of  voltage  to  current 
of  the  disturbance  is  very  much  greater.  In  other  words,  capac- 
ity has  an  appreciable  effect  on  a  traveling  wave,  when  the  ca- 
pacity is  shunted  around  the  high-potential  windings  of  the 
transformer. 

The  value  of  capacity  in  protective  devices  lies  in  the  fact  that 
it  is  a  barrier  against  the  passage  of  current  at  machine  frequency 
without  being  a  barrier  to  the  passage  of  surge  currents  which  are 
inherently  of  high  frequency.  Under  these  conditions  it  is  pos- 
sible to  use  a  resistance  of  low  value  in  series  with  the  condenser 
without  absorbing  any  appreciable  power  at  machine  frequency. 
At  high  frequency,  however,  the  power  factor  approaches  imity 
and  the  maximiun  possible  energy  of  the  surges  is  absorbed. 
Thus  it  is  seen  that  it  is  not  the  capacity  in  itself  that  is  pro- 
tective, as  the  voltage  absorbed  by  the  capacity  at  high  fre- 
quency is  negligible,  but  it  is  the  capacity  allowing  a  properly 
proportioned  resistance  to  give  protection  by  absorbing  the 
energy  of  the  wave. 

This  is  the  condition  in  the  aluminiun  electrolytic  cells,  where 
there  is  a  high  equivalent  resistance  in  series  with  the  natural 
capacity  of  the  cells. 

The  capacity  of  the  alumintun  cell  gives  a  moderate  power 
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factor  at  average  machine  frequency,  but  when  there  is  applied 
a  frequency  of  100,000  cycles,  the  power  factor  of  the  aluminum 
cell  is  practically  unity,  that  is  to  say,  practically  all  the  high- 
frequency  current  which  goes  through  the  cell  is  dissipated  as 
energy  and  does  not  store  itself  as  energy  to  be  turned  back  into 
the  circuit,  as  would  be  done  by  a  simple  capacity. 

I  believe  that  the  action  of  the  alumintun  cell  can  best  be  rep- 
resented by  calling  it  a  counter-electromotive-force  device. 
It  acts  as  a  counter-electromotive-force  shunt  between  circtiit 
and  ground  after  the  voltage  has  reached  a  definite  value.  Up 
to  this  definite  value,  i.  e.y  discharge  voltage  of  the  spark  gap, 
it  is  an  open  circuit,  and  beyond  that  voltage  it  is  a  closed  circuit. 
In  the  closed  circuit  condition  it  has  about  the  same  effect  as  if 
in  a  d-c.  system  you  shunt  a  storage  battery  from  the  trolley 
wire  to  the  ground.  If  you  connect  between  the  trolley  wire  and 
ground  a  600-volt  storage  battery,  then  no  lightning  or  any  other 
distiu*bance  will  be  able  to  raise  the  voltage  of  that  trolley  line 
appreciably  above  600  volts,  because  any  attempt  to  raise  the 
voltage  would  merely  cause  a  discharge  through  the  storage 
battery.  The  discharge  rate  depends  on  the  internal  resistance 
and  voltage  above  the  polarization  of  the  storage  battery;  so  it 
is  in  the  aluminiun  cell,  where  the  discharge  rate  depends  on  the 
voltage  in  excess  of  the  polarization  value  and  on  the  internal 
resistance  of  the  cell,  which,  as  we  all  know,  is  very  low. 

Now,  as  to  the  possible  danger  from  the  use  of  the  aluminum  cell, 
which  has  been  especially  discussed  by  those  who  have  had  very 
little  practical  experience  with  it — that  is,  the  question  whether 
it  may  produce  high-frequency  oscillation.  One  argtmient 
against  the  production  of  high  frequency  I  have  mentioned  already : 
the  power  factor  of  the  aluminum  cell  is  unity  and  it  has  no  capac- 
ity effect  at  high  frequency,  but  it  gives  a  thoroughly  damped 
circuit  of  a  resistance  which  prevents  oscillations.  But  from 
another  view-point,  the  best  comparison  is  that  given  by  Pro- 
fessor Creighton — it  is  a  safety  valve  from  line  to  ground,  of  very 
high  discharge  rate. 

We  would  not  think  of  installing  a  high-pressure  steam  boiler 
without  a  safety  valve,  and  still,  many  of  us  know  that  every 
once  in  a  while  you  hear  that  a  safety  valve  is  really  a  source  of 
danger,  because  if  a  steam  boiler  is  superheated,  and  water  is  low, 
and  just  at  the  point  where  it  is  near  blowing  up,  and  if  the  safety 
valve  operates,  then  the  sudden  shock  of  the  safety  valve  opening 
may  set  off  the  explosion.  But  that  is  no  reason  for  saying  that 
it  is  unsafe  to  use  safety  valves  and  that  all  the  steam  boilers 
shotdd  be  operated  without  them.  It  is  exactly  the  same  case 
with  the  aluminum  cell  or  any  protective  device.  If  you  pro- 
tect the  system  against  over-voltage,  and  if  the  energy  back  of  the 
over- volt  age  is  very  large,  it  means  that  to  relieve  the  over- volt- 
age strain  we  have  to  provide  a  device  with  a  high  discharge 
rate,  and  the  sudden  coming  into  play  of  that  high  discharge 
rate,  which  is  required  to  relieve  the  strain,  means  a  sudden 
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shock  to  the  system,  and  if  you  are  near  the  breakdown  point, 
that  very  shock  may  cause  a  breakdown. 

But  it  has  been  said  that  it  is  not  necessary  to  have  a  free  dis- 
charge, and  that  a  resistance  may  be  inserted  between  line  and 
groimd — a  critical  discharge  resistance  which  will  gradually 
relieve  the  voltage  without  oscillations.  That  is  very  nice. 
By  so  doing  the  shock  is  removed  only  by  keeping  the  excess 
voltage  on  the  line  and  the  apparatus  for  a  considerable  time,  and 
for  the  time,  in  fact,  that  it  takes  to  discharge,  and  since  the  dis- 
ruptive strength  depends  on  the  time  of  applied  voltage  we  wish 
to  relieve,  we  must  conclude  that  we  are  between  two  extremes. 
We  have  a  condition  of  excessive  voltage  brought  on  by  lightning 
or  other  disturbances.  This  voltage  is  dangerous,  is  certain  to 
destroy  apparatus  and  line  if  it  stays  long  enough.  We  may 
gradually  relieve,  or  we  may  suddenly  relieve,  but  since  the  volt- 
age is  certain  to  destroy,  the  most  effective  way  is  to  relieve 
it  as  quickly  as  we  can,  even  if  in  the  extreme  case  the  very 
suddenness  of  the  relief  may  accelerate  the  damage,  which  is, 
however,  very  improbable.  I  do  not  know  of  any  instance  where 
this  has  occurred,  and  I  think  the  point  raised  in  this  connection 
is  more  theoretical  than  actual. 

There  is  one  point  I  want  to  mention  about  steepness  of  wave 
front.  The  steepness  of  wave  front  depends  on  the  distance  of 
the  place  from  the  point  where  the  wave  originates.  Theoreti- 
cally, if  you  calculate  transient  phenomena  of  the  line,  you  will 
find,  by  an  equation,  that  the  wave  shape  is  so  steady  that  the 
wave  starting  as  a  steep  wave  front  retains  its  steep  front  all 
over  the  line.  Practical  experience  shows  that  this  is  not  so,  and 
that  is  one  of  the  various  points  where  theory  and  calculation  do 
not  agree,  or  where,  in  our  theory,  we  make  an  assimiption  which 
we  find  is  not  warranted — that  is,  we  assume  the  effective  re- 
sistance and  effective  conductance  to  be  constant,  independent  of 
the  frequency ,  while  in  reality  every  decrement  increases  with  in- 
crease in  frequency. 

If  you  assume  that  the  effective  resistance  of  the  line  is  a  func- 
tion of  the  frequency,  increasing  with  increasing  frequency,  then 
you  would  find  in  the  equations  (if  the  equation  did  not  come  out 
so  complicated)  which  so  far  have  been  beyond  the  mathematical 
skill  brought  to  bear  upon  them,  that  the  steepness  of  the  wave 
form  decreases  with  increasing  distance  traveled  by  the  wave. 

But  while  the  equations  have  not  yet  been  solved  to  give  the 
values  of  the  increase  in  resistance  of  the  line,  experimental 
evidence  is  available.  There  were  some  very  interesting  tests, 
for  instance,  made  by  Mr.  Faccioli  some  years  ago,  on  the  wave 
produced  by  opening  the  high-tension  switch  in  a  90, 000- volt 
circuit.  In  that  case,  at  and  near  the  point  of  opening  of  the 
switch,  the  steepness  of  the  wave  front  was  such  as  to  give, 
across  a  choke  coil  the  inductance  of  which  was  equivalent  to 
50  feet  of  line,  a  potential  difference  of  30,000  volts, 
but  the  same  size  of  coU  on  the  same  line  at  20  miles  distance, 
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gave  no  appreciable  steepness  of  wave — that  is  to  say,  in 
the  switching  test  there  was  no  discharge  on  the  spark-gap 
shunted  around  this  small  reactance.  Within  20  miles  of  travel 
the  wave  front  changed  from  an  extremely  steep  one  to  a  very  flat 
one.  This  is  the  experimental  evidence  of  the  high  resistance 
offered  by  the  copper  line  wire  when  the  potential  is  suddenly 
applied. 

E.  E.  F.  Creighton:  I  feel  that  there  is  no  need  to  say  anything 
further  about  the  Moscicki  condenser,  in  answer  to  Dr.  Kara- 
petoff*s  question,  as  Dr.  Steinmetz  has  already  covered  the  sub- 
ject. 

I  am  glad  that  Mr.  Nicholson  has  thrown  a  little  spice  into  the 
controversy  by  speaking  of  the  cases  where  apparatus  was  not 
damaged  and  the  arresters  were  installed,  and  also  cases  where 
the  apparatus  was  not  damaged  and  the  arresters  were  not  in- 
stalled. Each  one  of  us  speaks  from  his  experience,  especially 
his  own  personal  experience,  and  Mr.  Nicholson,  I  take  it,  is 
speaking  from  his.  If  I  may  be  permitted,  I  would  like  to  ana- 
lyze some  of  the  conditions  under  which  he  has  been  operating 
and  then  contrast  them  with  some  other  experiences  which  have 
been  gained  on  other  transmission  lines  where  the  conditions  are 
different. 

On  that  particular  system  to  which  Mr.  Nicholson  referred 
there  was,  a  few  years  ago,  an  almost  insurmountable  problem 
of  keeping  the  lines  operating  during  thimderstorms.  I  have  the 
greatest  admiration  for  the  way  in  which  Mr.  Nicholson  has 
attacked  this  problem  and  obtained  a  workable  solution.  The 
point  of  it  was  that  the  insulators  on  the  line  had  not  only  less 
factor  of  safety  than  they  needed,  but  they  punctured,  and  where 
every  insulator  on  the  line  is  a  lightning  arrester  it  is  quite  true 
there  is  less  need  of  lightning  arresters  in  the  station.  Under 
these  conditions  the  principal  need  of  a  lightning  arrester  in  the 
station  is  where  the  lightning  happens  to  strike  in  the  neighbor- 
hood, and  that,  I  think,  corresponds  to  Mr.  Nicholson's  remark 
that  it  is  too  bad  the  lightning  arresters  cannot  reach  out  more 
than  a  half-mile  from  the  station.  I  should  say  that  it  is  too  bad 
the  lightning  is  so  terribly  concentrated  at  points  on  the  line. 
That  represents,  to  my  mind,  the  experience  gained  in  that  partic- 
ular case. 

On  two  other  lines  I  know  of,  where  the  insulation  of  the  lines 
was  made  for  operation  at  100,000  volts  and  the  operating  volt- 
age was  only  20,000  and  40,000  volts,  the  results  were  quite 
different.  Since  the  factor  of  safety  of  the  insulators  was  about 
10,  they  were  not  functioning  as  lightning  arresters  or  protectors 
for  the  apparatus,  and  consequently  every  lightning  stroke  that 
appeared  on  the  line  came  with  horrible  impetus  into  the  station. 
Switch  bushings,  transformer  bushings,  and  other  insulation  that 
had  withstood  the  conditions  of  other  circuits,  immediately 
began  to  break  down  from  flash-over  or  by  puncture.  Light- 
ning arresters  of  the  best  type  were  then  required. 
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This  is  a  condition  that  is  gradually  growing  all  over  the  cotin- 
try.  Ever3rwhere  operators  find  that  insulation  on  the  line  is  an 
important  factor,  and  are  increasing  the  factor  of  safety  in  the 
line  insulators.  Personally,  I  would  never  use  a  factor  less  than 
three  times  normal  potential,  preferably  still  higher.  The  extra 
investment  in  insulators  is  worth  while.  This  ultimately  neces- 
sary practise  will  increase  the  need  of  lightning  arresters. 

The  lightning  arrester  in  itself  is  not  a  surge  protector,  but  an 
over-potential  protector.  The  gap  setting  is  25  per  cent  above 
normal  operating  voltage,  and  the  arrester  will  operate  as  a  surge 
protector  only  after  the  gap  sparks  and  connects  the  altuninum 
cells  directly  to  the  line.  I  am  somewhat  disappointed  that  there 
has  not  been  more  adverse  criticism,  as  our  foreign  friends  are 
finding  a  great  many  things  to  say.  I  feel  that  any  criticism  or 
any  failure  of  the  aluminum  arrester  to  protect  the  circuit  can 
be  explained  by  some  weak  local  condition,  or,  otherwise,  the 
des'gn  of  the  arrester  can  be  easily  modified  to  meet  new  condi- 
tions. As  Dr.  Steinmetz  has  so  well  emphasized  today,  the  great 
need  at  the  present  time  is  more  definite  information.  A  few 
years  ago  it  was  a  very  common  thing  to  have  bushings  fail  on 
transformers  and  switches,  but  today,  due  to  the  presence  of  the 
aliuninum  lightning  arrester,  these  faults  have  almost  entirely 
disappeared.  Those  that  have  not  disappeared  I  hope  to  be  able 
to  give  a  reason  for,  at  some  not  far  distant  time,  as  a  result  of  the 
study  of  porcelain  insulators  at  high  frequencies.  Porcelain 
insulators  and  bushings  have  a  different  strength  at  60  cycles 
on  which  they  are  usually  tested,  from  their  strength  at  very 
high  frequencies,  such  as  200,000  cycles  per  second — or  its  equiva- 
lent, expressed  as  steepness  of  wave  front. 
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TRAFFIC  STUDIES  IN   AUTOMATIC-SWITCHBOARD 

TELEPHONE  SYSTEMS 


BY   W.    LEE   CAMPBELL 


Abstract  of  Paper 


The  paper  describes  a  telephone  traffic  recording  machine  bv 
means  of  which  not  only  the  number  of  calls  for  a  given  period, 
but  also  the  average  duration  of  each  call,  is  mechanically  regis- 
tered on  a  moving  tape.  The  observations  recorded  here  were 
taken  on  an  automatic  telephone  system.  The  graphical  record 
shows  the  exact  duration  of  each  connection,  the  number  of  con- 
nections made  during  a  given  interval,  and  the  number  of  simul- 
taneous connections  in  service  at  each  instant.  By  means  of  these 
records  it  is  possible  to  study  the  relative  efficiency  of  small  and 
large  trunk  groups,  the  average  holding  time  of  calls,  and  these 
observations  permit  the  switches  and  trunks  to  be  so  arranged 
that  the  calls  will  be  evenly  distributed  among  the  trunks  in  each 
group. 

THE  WORD  '"traffic"  as  used  in  telephone  practise  applies 
to  the  vohime  of  calls  which  a  system  handles.  To  meas- 
ure traffic  it  is  necessary  to  know  not  onlv  the  number  of  calls 
for  a  given  period  or  interval  of  time,  but  also  the  average 
duration  of  each  connection  or  call.  A  knowledge  of  traflBc, 
and  the  laws  governing  it,  is  essential  to  the  proper  design  and 
operation  of  either  an  automatic  or  a  manual  system. 

Observations  of  Traffic 

In  well-managed  manual  switchboard  central  offices  it  is 
customary  to  study  traffic  conditions  by  taking  peg  counts  and 
plug  counts.  A  peg  count  is  a  count  of  all  connections  made 
during  a  definite  time  interval  by  each  of  the  operators.  A 
plug  count  is  a  count  at  a  definite  instant  of  all  plugs  in  use. 
In  addition  to  these,  stop-watch  observations  must  be  made  to 
determine  the  average  length  of  connection,  or  "trunk  hold- 
ing time",  as  it  is  often  called.  Where  the  trunk  holding  time 
is  known,  a  good  way  to  take  both  a  peg  count  and  a  plug  count 
has  been  to  use  a  recording  ammeter  connected  into  a  circuit 
supplying  energy  to  some  or  all  of  the  relays;  then  knowing  the 
average  ampere-hours  consumed  by  each  connection,  it  is  a 
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comparatively  simple  matter  to  determine  from  the  ammeter 
records  both  the  total  number  of  connections  made  and  the 
maximum  number  of  connections  existing  at  the  busiest  instant. 
The  latter  is  an  especially  important  matter  because  it  determines 
the  amount  of  connecting  equipment  required  to  take  care  of 
the  peak  load. 

It  is  very  difficult,  if  not  impossible,  to  secure  a  very  accurate 
peg  coimt  or  plug  count.  Operators  frequently  make  mis- 
takes in  registering  calls  during  a  peg  count  and  observers  make 
mistakes  in  counting  plugs;  mistakes  are  also  made  in  distin- 
guishing between  cord  circuits  actually  in  use  and  those  which 
are  apparently  in  service  but  really  idle,  because  the  conversa- 
tion of  the  parties  using  them  has  been  completed. 

In  automatic  central  offices,  counts  corresponding  to  peg 
counts  are  occasionally  taken  by  counting  the  operating  switches 
as  they  complete  connections.  Calls  are  also  counted  by  the  use 
of  a  meter  on  each  trunk;  these  are  generally  installed  by  connect- 
ing the  release  magnets  of  2nd  or  3rd  selector  switches  on  each 
section  of  the  switchboard  to  a  separate  busbar,  in  series  with 
which  is  a  ^-ohm  relay  which  operates  each  time  a  switch  releases, 
and  closes  a  circuit  through  a  meter.  Counts  similar  to  plug 
counts  have  been  taken  by  counting  all  of  the  like  trunking 
switches  in  operated   position  at  given  times. 

Traffic-Recording  Machine 

All  of  these  methods  of  measuring  traffic  have  their  dis- 
advantages and  it  is  believed,  therefore,  that  telephone  traffic 
engineers  and  telephone  engineers  in  general  will  be  interested 
in  a  new  recording  device  and  some  of  the  results  secured  by  its 
use  during  the  past  year  in  making  traffic  studies  in  automatic 
switchboard  plants,  on  a  somewhat  elaborate  scale.  The 
special  feature  aimed  at  in  this  machine  was  to  secure  a  graph- 
ical record  which  would  show  the  exact  duration  of  each  connec- 
tion, the  number  of  connections  made  during  a  given  interval  and 
the  number  of  bona-fide  simultaneous  connections  in  service 
at  each  instant. 

The  machine  as  devised  consists  of  a  mechanism  for  passing 
a  strip  of  paper  about  6  in.  (15.2  cm.)  wide  over  an  inked  ribbon 
and  onto  a  receiving  roll  at  definite  rate  of  speed,  with  a  number 
of  markers  (40  in  all)  arranged  side  by  side  over  the  paper, 
so  that  when  any  marker  is  pressed  against  the  paper  the  inked 
ribbon  leaves  a  corresponding  line  on  the  paper.     Each  marker 
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is  provided  with  an  armattire  and  an  electromagnet  for  operating 
it;  the  latter  is  electrically  connected  to  the  mechanism  asso- 
ciated with  one  automatic  switchboard  trunk  in  such  a  way  that 
whenever  that  trunk  is  occupied  by  a  call,  the  potential  estab- 
lished on  the  trunk  for  guarding  purposes  serves  also  to  cause 
current  to  flow  through  the  electromagnet  and  energize  it 
as  long  as   the   connection  lasts. 

Two  views  of  this  machine  are  shown  in  Fig.  1.  F  is  the 
roll  feeding  paper  to  the  machine;  R  is  the  receiving  roll;  M  are 
the  markers;  K  is  a  pendulum  vibrator  tuned  to  run  at  aflxed 
speed,  so  as  to  make  and  break  at  regular  intervals  the  circuit 
through  the  electromagnet  operating  the  step-by-step  pawl 
and  ratchet  movement  PRy  which  turns  the  receiving  roll 
and  thus  draws  the  pai>er  through  the  machine;  R  M  is  a  device 
for  moving  the  ribbon  at  intervals  so  that  the  portion  imme- 
diately under  the  markers  will  always  be  sufficiently  inked. 
A  skeleton  view  of  the  mechanism  with  its  associated  circuits 
is  shown  in  Fig.   2. 

Sample  Observations  with  Machine 

A  section  of  the  paper  tape  taken  from  the  machine  and  cov- 
ering a  record  of  calls  during  a  busy  half-hour  on  a  set  of  trunks 
in  the  business  central  office  of  a  city  in  Michigan  is  shown  in 
Fig.  3. 

One  especially  interesting  feature  is  the  remarkably  short 
period  of  time  which  occurred  in  many  instances  between  the 
release  of  a  trunk  and  its  seizure  for  another  connection.  This 
is  of  material  aid  in  i)romoting  trunk  efficiency,  and  is  due  to  the 
automatic  switchboard.  As  indicated  in  the  figure,  the 
vertical  lines  mark  J-min.  periods.  It  was  found  that  by  means 
of  a  chartometcr,  it  was  not  a  difficult  matter  to  sum  up  the 
lengths  of  the  lines  on  each  tape,  so  that  the  average  length 
of  call  might  be  obtained;  and  it  is  a])i)arcnt  that  a  curve  may 
be  very  readily  made  from  this  slieet,  which  will  show  the 
number  of  simultaneous  connections  at  each  instant,  as  the 
curves  in  Fig.  4.  In  fact,  any  traffic  data  desired  may  be  se- 
cured from  the  tape. 

The  upper  curves  A  and  B,  in  Fig.  4,  are  taken  respectively 
from  the  upper  and  lower  halves  of  the  same  tape,  from  whose 
totals   the    lower   curve    was    constructed. 

Trunk  Efficiency 

The  writer's  purpose  in  presenting  these  curves  is  to  give  a 
graphical  illustration  of  the  relative  efficiency  of  small  and  large 
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trunk  groups,  by  noting  the  fact  that  while  in  the  group  A 
the  maximum  number  of  simultaneous  connections  is  18  and  in 
group  B  the  maximum  number  is  18,  the  maximum  number  in 
a  combination  of  the  two  is  not  18  plus  18,  but  32.  This  is 
merely  an  illustration  of  the  law  of  increase  in  efficiency  of 
trunks  as  the  size  of  the  group  increases  which  has  been  well 
known  to  telephone  engineers  for  years;  but  the  author  is  not 
aware  of  any  other  device  which  makes  it  possible  to  study  the 
working  of  the  law  so  satisfactorily.  The  fact  that  the  greater 
efficiency  of  large  trunk  groups  is  due  to  a  smaller  ratio  of  peak 
load  to  average  load  is  very  clearly  demonstrated  by  the  curves 
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in  Fig.  5,  which  were  constructed  from  data  secured  in  an  office 
of  7950  lines,  by  making  simultaneous  observations  during  the 
busy  period  of  each  of  six  working  days,  on  the  number  of  con- 
nections in  service  at  given  instants  in  each  100-line  section 
of  the  entire  plant.  Note  the  much  greater  variation  (Fig.  5) 
in  the  percentage  of  connections  in  the  average  100-line  group 
than  in  the  1000-line  section,  and  the  very  small  variation  in 
the  load  of  the  entire  plant. 

It  is  customary  to  define  the  i>eak  load  in  terms  of  the  average 
load  or  the  total  busy-hour  load.  One  of  the  curves,  A  in 
Fig.  tj,  shows,  for  calls  of  83  seconds  duration,  the  relation 
between  the  total  busy-hour  load  and  the  peak  load,  in  automatic 
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switchboards;  or,  in  other  words,  the  number  of  trunks  needed 
at  the  peak  instant  for  busy-hour  loads  of  various  sizes.  This 
curve  follows  the  formula : 

Number  of  trunks  =  T  C  +  3.785  (1  - T)  VCT  (1) 

For  call  lengths  of  less  than  130  sec.  this  formula  may  be  written 
in  the  simplified  form: 

Number  of  trunks  =  7"  C  +  3.7  VTC  (8) 

T  is  the  average  holding  time  in  hours,  and  C  is  the  number 
of  busy-hour   calls. 

Average   Holding   Time 

The  curve  B  in  Figure  6  is  drawn  for  an  average  holding 

time  of  83  seconds,  because  some  tens  of  thousands  of  obser- 
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vations  made  in  different  automatic  plants  show  this  to  be 
slightly  above  the  average  duration  of  connection.  The 
83-sec.  standard  is  divided  as  follows; 

Setting  up  of  automatic  connection,   (i      sec. 
Waiting  for  called  jiarty  to  resirand .  .   9.5     " 

Conversation GGJt     " 

Release  of  connection 1        " 

Total 83       sec. 

Call  lengths  vary  greatly  in  different  offices.  For  example, 
in  one  of  the  cities  in  which  studies  were  made  with  the  traffic 
recording  machine,  it  was  found  that  while  the  average  length  of 
calls  for  the  entire  system  was  81.25  sec,  it  was  130  sec.  on  the 
trunks  to  an  outlying  residence  office  and  100  sec.  on  trunks  to 
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manual  private-branch  exchanges;  but  observations  made  on 
inter-communicatinR  calls  in  automatic  private-branch  ex- 
changes have,  in  a  number  of  instances,  shown  an  average  call 
length  as  low   as   43    sec. 

In  connection  with  the  studies  of  average  call  length,  it  was 
found  that  in  approximately  12  per  cent  of  the  calls  the  calling 
party  received  the  busy  signal;  and  16  per  cent  received  no  re- 
sponse from  the  called  party,  either  because  he  was  beyond 
the  reach  of  the  telephone,  or  did  not  answer  the  signal  before 
the   calling   party   disconnected. 


Trunk  Grouping 
-  It  is  common  practise  in  automatic  switchboard  systems 
to  arrange  the  switches  and  the  trunks  so  that  the  calls  will 
be  evenly  distributed  among  the  trunks  in  each  group.  This 
is  done  to  distribute  the  wear  on  the  trunking  switches,  to  ensure 
all  the  switches  enough  operation  to  keep  them  in  good  working 
order  and  to  reduce  the  risk  of  two  parties  seizing  a  trunk  at  the 
same  instant.  Sometimes  it  is  advisable,  however,  to  provide 
that  the  trunks  in  a  group  will  be  selected  successively:  for  ex- 
ample, if  there  are  10  trunks  in  a  group,  the  trunk-selecting 
mechanism  will  test  the  trunks  in  order,  starting  at  No.l  for 
each  call,  and  seize  the  first  trunk  that  is  disengaged. 

In  Fig.  6a  are  given  some  curves    showing  results  of   obser- 
vations made  with  the  traffic-recording  machine  on  groups  of 
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trunks  successively  selected.  The  shape  of  these  curves  gave 
rise  to  the  suggestion  that  two  groups  of  10  trunks  each,  for  ex- 
ample, might  be  reduced  without  loss  to  two  individual  groups 
of  7  trunks  each  and  a  common  group  of  3  trunks,  which  would 
be  a  total  of  17  trunks  instead  of  20,  by  connecting  in  multiple 
the  8th,  9th,  and  10th  trunks  of  each  group  after  the  manner 


trunks  successivell'  selected  \t 
Fig.  6a 


shown  in  Fig.  7.  The  effect  of  this  method  of  connecting  the 
groups  together  is  illustrated  in  Fig.  8,  which  shows  the  load 
curves  of  the  two  groups  of  trunks  overlapped  in  such  a  way  that 
the  one  busy-hour  call  of  the  10th  trunk  in  each  group  is  superim- 
posed on  the  9  busy-hour  calls  of  the  7th  trunk  in  the  other  group, 
while  the  3  busy-hour  calls  of  the  9th  trunk  in  one  group  are  com- 
bined with  those  of  the  same  trunk  in  the  other  group. 

It  is  argued  by  those  who  suggest  this  

scheme  that  since,  as  shown  in  Fig.  6,  a 
group  of  subscribers  A  making  175  busy- 
hour  calls  would  require  but  10  trunks 
and  a  similar  group  B  would  require  but 
10  trunks,  while  a  group  of  subscribers 
making  350  busy-hour  calls  would  re- 
quire but   16  trunks,   the   arrangement 

in  Fig.  8  satisfies  all  requirements;  because  it  must  be  true 
that  the  peak  loads  in  the  two  sets  of  10  trunks  each  would  prac- 
tically never  overlap,  so  that  both  groups  of  subscribers  would 
never  want  the  3  common  trunks  at  the  same  time,  or  else 
the  curve  in  Fig.  6  and  the  law  governing  it  are  fallacious. 
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There  is  one  other  factor  to  be  considered,  however,  and  that 
is  the  possibility  of  calls  overhanging  on  the  3  common  trunks, 
while  some  of  the  subscribers  of  the  group  A,  for  example, 
are  not  calling,  and  group  B  parties  are  endeavoring  to  secure 
access  to  the  common  trunks.  The  arrangement  in  Fig.  7  and 
Fig.  8  allows  an  extra  trunk  to  overcome  this  objection,  j.  e. ,  allows 


-SIflWnTr 


17  trunks  for  350  busy-hour  calls,  while  but  16  would  be  required 
if  all  subscribers  had  access  to  every  trunk. 

Whether  this  arrangement  will  be  justified  by  experience  and 
become  of  practical  value,  the  writer  would  not  venture  to  say 
at  this  time.  It  seems  probable  that  it  could  be  practised  to 
advantage  where  two-way  trunk  service  is  to  lie  given.  As  the 
writer  mentioned  in  a  previous  pai^er,  there  is  generally  a   dif- 


ference in  the  times  at  which  the  peak  loads  occur  on  trunk 
groups  carrying  traffic  in  opposite  directions  between  two  offices, 
consequently  the  use  of  two-way  trunks  would  reduce  the  number 
of  trunks  required.  While  such  trunks  have  not  been  found 
feasible  between  large  manual  offices^  they  are  nevertheless 
practical,  and  some  of  them  are  in  use  in  automatic  systems. 
The  obstacle  in  the  way  of  their  more  general    installation 
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is  the  increased  cost  of  trunking  equipment.  This  obstacle  can 
be  largely  eliminated  by  the  scheme  illustrated  in  Fig.  9,  which 
shows  l()  trunks  interconnecting  two  offices  A  and  J5,  in  such  a 
way  that  each  office  has  access  to  six  individual  one-way  trunks 
and  four  two-way  or  common  trunks.  This  plan  allows  for 
a  peak  load  in  either  direction  of  175  busy-hour  calls,  provided 
the  two  peaks  do  not  occur  at  the  same  time,  and  the  combined 
group  would  carry  a  load  of  at  least  240  calls.  It  is  evident  that 
the  number  of  common  trunks  might  be  greater  or  less  than 
four  in  a  total  of  21),  and  would  l^  determined  by  the  relation  be- 
tween the  two-way  iK>ak  load  and  the  jx^ak  of  the  load  in  each 
dirt^ction;  idso  that  the  oxixMisive  two-way  equipment  is  confined 
to  the  comjKiratively  few  two-way  trunks. 


PrtigmUd  <l  th§  2Q2d  Uutint  of  th$  Amtrican 
IwstUmU  fl/  BUctricoi  Bngiiutrs,  New  York, 
March  13,  1914,  under  the  auspices  of  the 
Tdefpraphy  and  Telephony  Committee. 

Copyrifl^t  1914.     By  A.  I.  B.  B. 


A    COMPAMSON    OF    THE    TELEGRAPH    WITH    THE 

TELEPHONE  AS  A  MEANS  OF  COMMUNICATION 

IN  STEAM  RAILROAD  OPERATION 


BY  M.  H.  CLAPP 

Abstract  of  Paper 

Brief  historical  descriptions  of  the  use  of  the  telegraph  and  the 
telephone  on  railroads  are  given,  the  first  train  having  been  hand- 
led by  telegraph  in  1851  and  the  first  handling  of  trains  by  tele- 
phone on  long  stretches  of  main  line  track  having  started  as  late 
as  1907. 

In  comparison  with  the  telegraph,  the  telephone  circuits  cost 
more  to  install  and  operate,  but  effect  a  saving  in  the  operation 
of  the  railroad,  both  directly  and  indirectly,  as  it  is  possible  to 
move  trains  over  the  road  more  rapidly. 

The  advantages  and  disadvantages  in  comparing  the  telegraph 
with  the  telephone  are  summarized  as  follows: 

In  Favor  of  the  Telephone.  Universality,  saving  of  time,  rapid- 
ity of  transmission,  psychological  effects,  promptness  in  raising 
offices,  no  necessity  of  specially  trained  operators,  saving  in  ex- 
pense of  railroad  operation,  and  best  operation  of  circuit  in  heavy 
weather. 

In  Favor  of  the  Telegraph.  Flexibility  in  handling  circuits,  sim- 
plicity in  installing,  maintaining  and  operating,  circuit  best  adap- 
ted for  long  distances,  effects  of  distance  in  transmission,  saving 
in  cost  of  installation  and  maintenance,  and  the  standard  of  main- 
tenance. 

In  considering  what  are  termed  the  four  methods  of  communica- 
tion, namely:  by  personal  interview,  by  letter,  by  telephone  or 
telegraph  message,  and  by  telephone  conversation,  attention  is 
called  to  the  fact  that  the  use  of  the  last-mentioned  method  by 
the  railroads  in  this  country  has  not  been  carried  as  far  as  it  should. 

IN  MAKING  a  comparison  between  the  telegraph  and  the 
telephone  in  their  application  to  railroad  operation,  it 
is  the  purpose  to  state  first  the  principal  physical  character- 
istics of  each;  secondly,  the  respective  costs  of  providing  and 
maintaining  them,  and,  finally,  the  relative  advantages  and 
disadvantages  of  these  two  means  of  communication.  A  brief 
resume  of  the  early  development  will  possibly  serve  to  make 
clearer  the  situation  which  so  long  delayed  the  advent  of  the 
telephone  for  handling  trains. 

Early  Development 

From  the  beginning  of  the  operation  of  railroads  in  the 
United  States  in  the  early  30's,  until  the  early  50's,  a  period 
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of  twenty  years,  there  was  no  system  provided  for  rapid  com- 
munication from  one  station  to  another.  Trains  were  run  on 
what  was  called  the  "time-interval  system;'*  briefly,  a  ruling 
train  had  the  right  of  one  hour  against  all  opposing  trains  of 
the  same  class.  This  practise  continued  for  nearly  ten  years 
after  Prof.  Morse  had  sent  his  historical  message  from  Washing- 
ton to  Baltimore.  At  about  that  time  the  Erie  Railroad  Co. 
constructed  a  telegraph  line,  which  was  first  used,  apparently, 
for  handling  local  messages  along  the  road.  Finally,  in  1851, 
a  train  was  successfully  handled  by  a  telegraph  order  for  a  dis- 
tance of  14  miles  (22.5  km.)  From  this  small  beginning  the 
handling  of  trains  and  messages  by  telegraph  increased  very 
rapidly,  until,  about  ten  years  later,  the  telegraph  was  quite 
common  on  the  railroads  of  the  country.  Contracts  were 
early  made  between  the  railroads  and  the  commercial  telegraph 
companies  whereby  the  same  pole  lines  were  used  by  both 
parties  to  support  their  wires  along  railroad  rights-of-way.  In 
the  end,  the  telegraph  became  an  established  and  invaluable 
adjunct  in  railroad  operation,  as  will  be  described  in  more  de- 
tail. 

Although  the  Morse  register  was  early  done  away  with,  and 
messages  received  entirely  by  sound,  there  was  some  opposi- 
tion to  this  on  account  of  the  loss  of  the  permanent  record, 
especially  when  dispatching  trains.  This  matter  of  not  ha\nng 
a  record  was  one  of  the  principal  reasons  that  the  telephone 
was  not  sooner  used  for  the  dispatching  of  trains;  but  when  this 
objection  to  the  telephone  is  analyzed,  we  find  that  there  is 
really  no  difference  between  the  receiving  of  a  message  by  sound 
on  the  telegraph  as  compared  with  receiving  a  message  on  the 
telephone,  as  no  record  is  made  in  cither  case  by  the  electrical 
or  mechanical  equipment  i)roper.  Apparently  some  of  the  per- 
sons who  objected  to  the  use  of  the  telei)hone  on  account  of  its 
alleged  lack  of  record,  had  in  mind,  when  they  considered  the 
telegraph,  the  old  Morse  registers  that  were  first  used  on  the 
early  telegraph  circuits. 

The  railroads  early  began  to  use  the  telephone  on  different 
parts  of  their  systems.  As  the  commercial  development  of 
the  telephone  was  very  slow  in  this  country  up  to  1890,  it 
would  apparently  1\j11ow  that  there  was  not  very  much  use  of 
the  teleph()iie  on  the  railroads  during  the  same  ])eriod.  How- 
ever, the  records  show  that  different  railroads  in  the  early 
eighties  began  to  jmt  in  telephones  for  various  purposes;  not 
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SO  much,  however,  to  replace  the  telegraph,  as  to  replace  mes- 
senger service  and  to  serve  as  an  auxiliary  to  the  telegraph. 
The  replacement  of  the  telegraph  by  the  telephone,  to  any  ex- 
tent, really  began  only  six  or  seven  years  ago.  It  is  only  during 
this  short  period  of  time  that  extensive  installations  of  telephone 
dispatching  and  message  circuits  have  taken  place,  although 
beginning  about  fifteen  years  ago  there  were  niunerous  tele- 
phone circuits  erected  between  terminals  and  principal  offices 
on  some  of  the  railroads.  These  long-haul  talking  circuits  did 
not  primarily  replace  the  telegraph,  but  in  most  cases  merely 
provided  additional  means  for  communication. 

While  trains  were  handled  for  short  distances,  principally 
in  and  about  terminals,  beginning  back  in  the  early  nineties, 
it  was  not  until  the  latter  part  of  1907  that  any  real  attempt 
was  made  to  handle  trains  on  long  stretches  of  main-line  track 
by  telephone.  The  Chicago,  Burlington  and  Quincy  road 
was  one  of  the  first  to  use  telephone  train-dispatching  circuits 
on  its  main  lines,  and  by  the  latter  part  of  1908  this  company 
had  a  considerable  mileage  of  its  lines  dispatched  by  telephone. 
The  principal  railroads  in  the  East  and  the  middle  West  at 
once  began  to  install  telephone  circuits,  so  that  at  present  there 
are  some  70,000  miles  (112,654  km.)  of  railroad  in  the  United 
States  dispatched  by  telephone.  The  use  of  the  selective- 
ringing  telephone  circuit  for  the  dispatching  of  trains  was  soon 
followed  by  the  use  of  the  same  kind  of  circuit  for  the  hand- 
ling of  messages.  The  growth  of  the  telephone  message  circuit 
has,  however,  been  very  much  slower  than  that  of  the  dis- 
patching circuit.  The  primary  reason  for  this  is  the  fact  that 
the  telephone  message  circuit  does  not  meet  the  conditions  on 
the  average  railroad  to  the  same  advantage  as  the  dispatching 
circuit,  there  being  more  complications  to  meet  than  in  the  case 
of  the  dispatching  circuit.  In  general,  the  message  circuit  re- 
quires a  consideraV:)le  amount  of  traffic  to  justify  its  use.  How- 
ever, it  will  only  be  a  question  of  time  when  all  telephone  dis- 
patching circuits  are  paralleled  by  telephone  message  circuits. 

A  Typical  Railroad  Telegraph  Systet^i 

The  outside  and  inside  plants  used  by  different  railroads 
necessarily  vary  to  a  large  degree  on  account  of  the  different 
sizes,  resources,  locations  and  conditions  of  the  railroads  served. 
A  description  will  be  given,  therefore,  of  the  system  on  one  of 
the  large  transcontinental  railroads  with  which  the  writer  is 
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most  familiar,  with  particular  reference  to  the  conditions  about 
seven  years  ago,  when  the  present  extended  use  of  the  telephone 
for  dispatching  trains  and  handling  messages  had  its  beginning. 
It  will  not  be  necessary  to  describe  in  detail  the  pole  lines  used 
to  carry  the  wires,  either  telegraph  or  telephone.  It  will  be 
sufficient  to  say  that  these  lines  in  the  United  States  are  in  a 
great  majority  of  cases  constructed  in  accordance  with  the 
specifications  of  the  Western  Union  Telegraph  Co.,  which  is 
substantial  construction.  These  pole  lines  have  at  least  thirty- 
five  poles  to  the  mile,  where  the  number  of  wires  to  provide 
for  is  considerable,  and  in  some  cases  40,  50,  60  and  even  70  and 
80  poles  per  mile  are  used. 

At  first  iron  was  universally  used  for  telegraph  wires,  the 
size  most  used  being  No.  8  B.W.G.,  thoroughly  galvanized. 
This  practise,  in  general,  was  not  changed  as  far  as  the  rail- 
roads were  concerned,  except  that  a  considerable  amount  of 
copper  was  put  up  for  long-haul  circuits.  Of  course,  copper 
wire  is  used  quite  extensively  near  large  centers  or  along  the 
seacoast,  or  wherever  corrosion  would  be  troublesome.  When 
copper  wire  is  provided,  No.  9  A.W.G.  is  generally  used. 

The  average  cost  per  mile  (1.6  km.)  for  furnishing  and  erect- 
ing a  No.  8  B.W.G.  iron  wire,  including  insulators,  tie  wires 
and  pins,  is  about  $25.00.  This  wire  makes  a  very  good  tele- 
graph circuit  up  to  400  miles  without  any  intermediate  offices. 
'At  this  distance  the  wire  can  be  worked  either  single,  duplex 
or  quadniplcx.  With  intermediate  (way)  offices  on  the  line 
the  above-mentioned  distance  would  be  cut  down  to  about  200 
miles  (321.8  km.).  The  matter  of  line  insulation  has  a  very 
important  bearing  on  the  distance  that  an  iron  wire  or,  in  fact, 
any  telegraph  wire  can  be  successfully  operated.  The  dis- 
tances given  above  assume  a  high  grade  of  insulation.  This 
mileage  for  the  ojx^ration  of  iron  wires,  however,  is  ample  for 
almost  any  division  of  a  railroad,  so  that  iron  wire  is  very  gen- 
erally used  in  railroad  local  (way)  circuits,  copper  wire  V)cing 
used  between  terminals  and  the  principal  points  along  the  line. 
On  the  Northern  Pacific  system,  when  telephone  circuits  be- 
gan to  be  extensively  installed,  about  seven  or  eight  years  ago, 
there  were  the  following  mileages  of  copper  and  iron  wires  in  use : 
Copper,  4,000  miles  (0437  km.) 
Iron,  11,500  miles  (18,507  km.) 

There  were  practically  two  through  copper  wires  from  St.  Paul 
to  Tacoma,  a  distance  of  a  little  less  than  2000  miles  (3281  km.) ; 


19141  CLAPP:  TELEPHONE  V3.  TELEGRAPH  323 

all  the  rest  of  the  circuits  on  and  between  the  different  divisions 
were  iron.  At  that  time  this  wire  plant  was  considered  a  very 
good  one  for  the  purpose  for  which  it  was  intended. 

The  cost  per  mile  for  providing  and  erecting  No.  9  B.  &  S* 
gage  copper  wire,  including  insulators,  pins  and  tie  wires, 
varies  greatly  with  the  price  of  copper,  but  assuming  fifteen- 
cent  copper,  it  would  be,  on  the  average,  about  $38.00. 

The  equipment  of  a  telegraph  oflBce  is  comparatively  simple 
and  needs  no  description.  The  following  costs  will  be  of  in- 
terest in  comparison  with  the  cost  of  telephone  equipment. 

A  way  station  can  be  cut-in  on  a  telegraph  wire,  including  the  battery 
(gravity)  in  the  office,  at  a  total  average  cost  of $12 .  00 

A  switchboard  (peg  type)  large  enough  to  take  care  of  ten  wires,  in 
and  out,  can  be  provided  and  installed  at  a  cost  of $42. 00 

The  cost  of  providing  and  installing  a  twenty-five-line  Western  Union 
switchboard,  with  twenty  wircs^  cut  in  and  out,  and  eight  sets  of  tele- 
graph instruments  with  necessary  tables  and  battery,  is  about. ...   $140. 00 

Nineteen-conductor  cable  (No.  14  A.W.G.)  suitable  for  connecting 
the  wires  from  the  line  into  the  offices,  can  be  provided  and  installed  at 
an  average  cost  of  30  cents  per  foot. 

The  average  cost  of  providing  and  installing  a  quadruplcx  set  would 
be  about $200.00 

The  average  cost  of  providing  and  installing  a  single-line  repeater  set 
would  be  about $50. 00 

At  terminals,  of  course,  more  apparatus  is  necessary  than 
at  the  way-stations  along  the  line.  However,  a  cost  of  $400.00 
would  provide  and  install  the  equipment  in  almost  any  terminal 
or  relay  office  along  the  line,  except  the  very  largest.  While 
the  above-mentioned  figures  are  approximate,  and  are  averages 
for  conditions  on  the  transcontinental  line  with  which  the  writer 
is  most  familiar,  they  are  believed  to  be  reasonable  and  to  give 
some  idea  of  the  cost  of  providing  telegraph  circuits  along  a 
railroad. 

Railroad  Telegraph  Traffic 

On  a  railroad  on  which  the  telegraph  is  the  only  means  for 
transmitting  intelligence  quickly  from  point  to  point  on  the 
system,  except  for  short  distances  in  and  around  terminals  where 
the  telephone  is  used  extensively,  telegraph  communication  is 
used  by  all  departments  and  by  a  large  percentage  of  the  employes 
on  all  occasions  and  on  all  subjects.  In  fact,  it  is  no  exagger- 
ation to  say  in  general,  that  the  sending  of  telegraph  messages 
is  made  so  easy  that  a  great  many  more  messages  and  words  are 
sent  than  necessary.  The  telegraph  office  is  usually  located  close 
to  the  Superintendent's  office  at  division  jx)ints,  and  at  General 
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Headquarters  is  made  as  accessible  to  all  departments  as  possible. 
In  headqtiarters  buildings,  where  a  considerable  amount  of 
space  and  a  number  of  floors  are  used,  pneumatic  tube  systems  are 
provided  in  order  to  carry  the  messa)2;es  back  and  forth  between 
the  different  offices  and  the  telegraph  office. 

,  A  considerable  amount  of  railroad  business  is  from  its  very  na- 
ture urgent  and  requires  as  quick  action  as  possible;  for  example, 
reports  on  the  progress  of  trains  over  the  division,  the  meeting  of 
the  various  emergencies  that  arise,  messages  about  shipments 
of  different  kinds,  reports  of  the  location  of  equipment  along  the 
road,  and  similar  business. 

Each  section  of  railroad  has,  between  terminals,  at  least  one 
message  wire  and  one  dispatcher's  wire,  unless  it  is  a  very  unim 
portant  section  such  as  a  branch  line,  where  one  wire,  in  a  great 
many  cases,  serves  the  purpose  for  handling  both  the  messages 
and  the  dispatching.  The  ,  length  of  railroad  that  can  be 
handled  by  one  telegraph  message  or  dispatching  wire  depends 
upon  the  amount  of  traffic  handled,  the  size  of  the  towns  along 
the  line,  kind  of  country  through  which  the  railroad  is  built,  etc. 
On  a  busy  single-track  railroad,  100  miles  (160.9  km.)  would  be  a 
fair  limit  for  telegraph  dispatching  of  trains  by  the  use  of  one  cir- 
cuit. The  facilities  necessary  for  handling  the  messages  would ,  in 
a  great  many  cases,  be  the  same  as  those  required  for  the  dispatch- 
ing, although  there  would  be  a  great  deal  more  variation  in  hand- 
ling the  messages  than  the  dispatching.  On  an  important  sec- 
tion of  railroad  there  is  usually  one  message  circuit  that  cuts 
into  all  offices  along  the  line  (way  or  local  circuit)  between  the 
two  terminals,  with  other  circuits  cutting  into  the  more  impor- 
tant points. 

In  order  to  handle  the  message  service  to  and  from  the  general 
headquarters  a  system  of  through  circuits  is  provided  between 
the  different  division  points  and  the  general  offices.  If  the  length 
of  the  railroad  system  requires  it,  relay  and  repcatcT  stations 
are  established.  For  example,  on  the  Northern  Pacific  system 
there  are  four  relay  offices  between  St.  Paul,  Minn.,  and  Tacoma, 
Wash.  In  these  offices  are  located,  with  a  few  exceptions,  the 
multiplex  telegraph  equipments  (duplex  and  quadruplex); 
there  the  business  is  relayed  to  different  offices  and  terminals 
to  which  direct  wires  are  not  provided.  The  wire  testing  is 
al  U)  handled  at  these  points.  On  most  railroads  in  the  West  the 
operators  in  the  relay  offices  are  on  the  pay-roll  of  the  Super- 
intendent of  Telegraph  and  are  handled  directly  by  him.     This 
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arrangement  tends  to  give  uniformity  to  the  telegraph  service 
on   the   system. 

In  order  to  give  an  idea  of  the  extent  of  the  telegraph  system 
on  the  Northern  Pacific,  the  following  list  is  submitted,  giving 
the  assignment,  the  character  of  circuit  and  the  mileage  to  the 
destination,  of  the  principal  telegraph  wires  working  at  the  pres- 
ent time  out  of  the  St.  Paul  general  office: 


Circuit  Assignment 


St.  Paul-Tacoma,  Wash 

St.  Paul- Missoula,  Mont 

St.  Paul-Spokane  and  Pasco,  Wash 

St.  Paul-Helena,  Mont 

St.  Paul-Billings  and  Livingston,  Mont 

St.  Paul- Dickinson,  N.D.,  and  Glendive,  Mont.  . . . 
St.  Paul-Pargo  and  Mandan,  N.  D.,  local.  35  offices. 

St.  Paul-Fargo,  N.  D.,  and  Dil worth,  Minn 

St.  Paul-Duluth,  Minn 

St.  Paul-Winnipeg,  Man.,  Local,  32  offices 

St.  Paul-Fargo.  N.  D.,  Local,  41   offices 

St.  Paul  Division,  Local,  30  offices 

St.  Paul-Duluth,  Minn.,  Local,  40  offices 


Character  of  Circuit 


Quadruplex 


Quadruplex    to    Fargo 

Single  to  Mandan 

Quadruplex 

Duplex 

Single 

Single 

Single 

Single 


Distance  in 
Miles 


1900 
1250 
1650 
1130 
1008 
667 
460 

252 
152 
483 
252 
170 
152 


This  list  includes  only  the  principal  circuits  and  does  not  in- 
clude certain  locals  operating  out  of  St.  Paul  to  points  in  the  im- 
mediate vicinity  of  the  Twin  Cities. 

While  there  is  no  very  accurate  record  of  all  the  messages 
handled  between  all  points  on  the*  system,  the  total  is  estimated 
at  about  5,000,000  per  year,  not  including  any  messages  at  pres- 
ent handled  by  telephone.  This  would  appear  to  be  a  large 
number,  even  when  it  is  considered  that  the  Northern  Pacific 
is  operating  over  6000  miles  (9656  km.)  of  mainline  track,  and 
it  shows,  apparently,  the  free  use  that  is  made  by  this  railroad  of 
the  telegraph  message  facilities.  According  to  the  writer's 
observations,  the  conditions  in  this  respect  on  other  railroads 
are  not  materially  different. 

The  cost  per  message  for  handling  communication  by  telegraph 
will  probably  average  more  on  a  railroad  than  the  message  cost 
of  the  commercial  companies,  because  the  messages  are  handled 
on  the  railroad  in  smaller  offices,  and  on  circuits  on  which  the 
number  of  offices  is  larger.  The  labor  cost  per  message  in 
Northern  Pacific  relay  offices  is  a  trifle  over  two  cents;  in  offia^s 
along  the  line  it  would  be  hard  to  say  what  is  the  actual  a)3t 
per  message,  on  account  of  the  multifarious  duties  of  the  operators 
at  most  of  these  points. 


\ 
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Principal  Advantages  of  the  Telegraph 

The  principal  advantages  of  the  telegraph  are  its  simplicity 
and  its  small  cost,  both  as  regards  installation  and  in  main- 
tenance; this  statement  being  made,  of  course,  in  comparison 
with  the  telephone.  There  are  no  very  complicated  circuits 
in  connection  with  the  telegraph,  especially  at  the  great  majority 
of  the  offices  along  the  line.  The  ordinary  lineman  has  no 
difficulty  in  learning  how  to  install  and  maintain  sets  of  telegraph 
instruments,  and  with  a  little  experience,  he  is  able  to  install 
duplex  and  quadruplex  apparatus,  and  Western  Union  peg 
switchboards.  In  general,  no  particular  care  is  necessary  in 
running  telegraph  circuits,  with  respect  to  one  another,  in  order 
to  avoid  induction  either  in  the  offices  or  on  the  line.  In  making 
the  last  statement,  however,  the  author  fully  appreciates  that 
telegraph  circuits  have  been  seriously  interfered  with  by  in- 
duction in  certain  cases;  the  conditions  in  mind  are  those  which 
exist,  as  a  rule,  on  the  great  majority  of  railroads  where  the  tele- 
graph is  used.  Also,  a  telegraph  circuit  will  operate  under 
defective  maintenance  conditions,  such  as  loose  connections, 
unsoldered  joints,  defective  office  and  cable-box  wiring,  high 
resistances  in  series  with  circuit,  etc.,  where  a  telephone  circuit 
would  absolutely  fail.  In  other  words,  the  telegraph  circuit 
usually  has  a  considerable  amount  of  margin  in  operation 
and  will  stand  a  large  amount  of  neglect  and  abuse.  The  cost, 
as  already  indicated,  is  small  for  both  line  wires  and  office  equip- 
ment, and  while  copper  wire  is  used  to  some  extent,  iron  wire 
serves  the  purpose  in  a  great  many  cases  where  it  would  not 
be  possible  to  use  it  in  connection  with  the  telephone.  The 
telegraph,  also,  has  the  advantage  of  being  a  very  accurate 
means  of  communication.  A  telegraph  sounder  makes  very 
clear  and  distinct  signals,  and  to  an  expert  ojxirator,  there  is 
no  question  as  to  what  has  been  transmitted;  and,  if  the  wire  is 
working  at  all,  the  distance  is  not  much  of  a  factor,  because 
the  sounder  is  in  a  local  circuit. 

Disadvantages  of  the  Telegraph 

The  great  disadvantage  of  the  telegraph  is  its  lack  of  univer- 
sality. It  requires  a  specialist  in  order  to  operate  it;  that  is,  an 
operator  who  has  spent  a  considerable  amount  of  time,  years 
in  some  cases,  in  order  to  qualify  for  the  work.  When  carrying 
on  a  telegraphic  correspondence,  one  is  always  working  through 
some  one  else,  never  directly.     This  condition  is  satisfactory 


19141  CLAPP:  TELEPHONE   VS:  TELEGRAPH  327 

in  handling  some  kinds  of  business,  but  not  for  all  kinds.  The 
train  conductor  out  on  the  line  can,  in  the  case  of  an  accident, 
send  messages  by  telegraph  to  his  superior  if  there  is  a  telegraph 
office  near  at  hand  in  which  operators  are  on  duty,  and  accom- 
plish certain  results;  however,  if  he  can  talk  directly  with  his 
superintendent,  a  great  deal  more  can  be  accomplished.  The 
same  is  true  of  the  section  foreman  out  on  the  line,  the  super- 
intendent in  his  office,  and  other  employes  on  the  division. 

There  is  a  decided  lack  of  abilitv  to  secure  information  of  the 
thousand  and  one  emergencies  that  arise  on  a  railroad,  by 
telegraph,  as  quickly  as  desirable.  This  is  due,  first,  to  the  fact 
that  comparatively  few  employes  on  the  system  can  use  the 
telegraph  directly,  and  second,  to  the  fact  that  the  telegraph 
is  slower  as  a  means  of  transmitting  intelligence  than  its  great 
competitor,  the  telephone.  It  takes  longer  to  transmit  a  train 
order  by  telegraph  than  by  telephone.  This  disadvantage 
of  the  telegraph  is  especially  noticeable  when  one  attempts 
to  discuss  any  subject  over  the  wire  by  telegraph,  even  between 
expert  operators;  and  where  it  is  obligatory  to  write  out  the 
necessary  questions  and  answers  in  the  form  of  messages  to  be 
sent  and  received  by  ojxjrators,  the  superiority  of  the  telephone 
is  even  more  evident. 

The  telegraph  is  at  its  best  in  handling  messages  that  are 
comparatively  brief,  making  definite  statements  or  reports  or 
answering  definite  questions.  As  soon  as  one  attempts  to  ask 
several  questions  on  diftcrcnt  phases  or  points  of  a  subject, 
in  other  words,  attempts  to  discuss  it,  the  telegraph  becomes  a 
comparatively  slow  means  of  communication. 

Trouble  is  also  experienced  from  delay  in  getting  the  offices 
along  the  line  to  answer  their  calls.  In  case  several  wires  are 
looped  into  an  office,  and  the  operator  is  busy,  he  may  not  hear 
the  cull  when  made,  or  perhaps  will  pretend  that  he  does  not, 
and  it  is  impossible  to  prove  definitely  whether  or  not  the  call 
came  in  properly.  Some  attempts  have  been  made  to  meet  this 
difficulty  by  providing  a  telegraph  selector  at  each  station  that 
would  respond  to  a  certain  combination  of  signals  and  ring  a 
bell  for  the  particular  station  desired.  However,  this  device 
has  not  been  used  to  any  extent  by  the  railroads. 

There  is,  also,  the  trouble  experienced  in  obtaining  operators, 
which  in  recent  years  has  become  a  serious  problem,  especially 
when  times  are  prosijcrous.  A  railroad  which  dei:)ends  at  i^res- 
ent  entirely  upon  the  telegraj^h  has  considerable  difficulty  in  se- 
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curing?  o|)erators  of  any  kind,  without  much  regard  for  their 
ability.  There  has  been  a  great  falling  off  not  only  in  the  supply, 
but  in  the  grade  of  men  who  enter  this  field.  Twenty  or  thirty 
years  ago,  the  conditions  were  strikingly  different,  for  the  reason, 
perhaps,  that  there  were  not  then  the  many  opportunities  for 
men  to  enter  electrical  pursuits  that  there  are  today.  Then 
there  is  the  influence  of  the  labor  organization.  Practically  all 
railroads  have  a  strong  'labor  organization  of  telegraphers  with 
which  to  contend.  In  making  promotions,  the  labor  union 
appears  always  to  desire  to  have  seniority  in  the  scr\nce  made 
the  primary  consideration,  and  ability  or  fitness  for  a  position  the 
secondary  consideration.  In  general,  this  seniority  idea  tends  to 
drive  the  best  men  out  of  the  service  and  prevents  the  ablest 
men  from  learning  to  telegraph. 

The  Railroad  Telephone  Plant 

The  outside  plant  necessary  in  connection  \vith  the  telephone 
is  substantially  the  same  as  that  required  for  the  telegraph, 
except  that  in  practically  all  cases  copper  wires  arc  used.  Two 
wires,  however,  are  necessary  in  order  to  provide  a  metallic 
circuit,  and  they  must  be  arranged  sidc-by-sidc  on  the  crossarm 
and  transi)osed  at  frequent  intervals  in  order  to  avoid  induction 
and  cross-talk  from  other  circuits.  All  cables  used  in  looping 
telephone  circuits  into  offices  must  have  tlieir  conductors  ar- 
ranged in  twisted  pairs,  in  order  to  avoid  cross-talk. 

The  great  difference  between  the  telegraph  and  the  tel(*])hone 
plants  is  in  connection  with  the  inside  plant.  Instead  of  the  com- 
paratively simple  apparatus  already  described,  the  telephone 
equipment  is  more  or  less  complicated.  There  is  first  the  pri- 
vate branch  exchange,  which  has  become  so  important  a  part  of 
railroad  operation  in  so  many  places.  These  exchanges  are,  in 
a  great  many  cases,  rented  from  the  telephone  companies  at  the 
usual  rates.  However,  there  are  numerous  exchanges  pnvately 
owned  and  operated,  the  latest  type  to  be  used  being  the 
automatic  switchboard.  Arrangements  are  made  to  bring  into 
these  branch  exchanges  the  telephone  lines  of  the  railroad  between 
the  different  division  points  and  terminals,  to  facilitate  ready 
intercommunication.  Also,  in  some  cases,  arrangements  are 
made  so  that  a  railroad  official  can  talk  from  his  office  over  the 
lines  of  the  railroad  company  to  any  subscriber's  station  in  the 
public  exchange  system  in  a  distant  city  or  town. 

The  cost  of  telephone  circuits  for  use  l>etween  the  exchanges 
along  tlie  line  depends,  of  course,  on  the  kind  and  the  size  of 
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line- wire  used.  The  cost  per  mile  of  a  No.  9  A.  W.  G.  copper 
circuit  in  place,  on  the  basis  of  fifteen-cent  copper,  is  about 
$75.00.  The  cost  per  mile  of  a  No.  6  A.  W.  G.  copper  cir- 
cuit on  the  same  basis,  would  be  about  $150.  The  latter  cir- 
cuit would  give,  under  ordinary  conditions,  satisfactory  telephone 
transmission  up  to  1000  miles,  while  the  former  would  be  satis- 
factory up  to  about  500  miles  (804.6  km.). 

The  telephone  dispatching  and  message  circuits  are  the  most 
interesting  and  peculiar  to  the  railroad  service.  The  provision 
of  a  means  of  selectively  signaling  the  different  stations  along 
the  line  was  a  problem  that  took  some  time  to  solve  satisfac- 
torily. These  selectors  have  different  designs  and  principles 
of  operation.  In  general,  the  selection  is  made  by  a  step-by- 
step  mechanism  which  responds  to  a  certain  number  of  pulsations 
or  combinations  of  pulsations  sent  over  the  line,  making  it  pos- 
sible to  arrange  a  large  number  of  selective  combinations,  and 
thus  signal  any  given  station  at  will,  without  disturbing  the 
others.  Selectors  are  now  made  that  are  very  efficient  in 
operation,  and  will  call  selectively  as  many  as  125  stations  on 
the  same  line.  At  the  stations  along  the  line  a  special  form  of 
telephone  set  is  installed  for  the  use  of  the  operators.  These 
sets  have  a  certain  combination  of  apparatus  and  wiring 
that  provides  a  so-called  "  booster "  effect  in  transmission. 
This  is  secured  by  a  switch  which  is  so  connected  in  the 
circuit  that  when  the  operator  is  talking,  the  receiver  is 
short-circuited,  and  when  the  operator  is  listening,  the  receiver 
is  connected  directly  to  the  line  and  the  transmitter  disconnected. 
Head  telephones  are  provided  so  that  the  operator  may  have 
free  use  of  his  hands.  In  the  dispatcher's  office,  special  telephone 
sets  are  used  which  are  wired  like  the  sets  at  the  way  stations, 
except  that  breast-plate  transmitters  are  usually  provided  so 
that  the  dispatchers  can  move  about  sufficiently  in  making 
entries  on  the  train  sheets,  which  are  usually  of  considerable 
length  and  width.  Some  of  the  railroads  have  ex])erimented 
with,  and  are  using  with  some  success,  loud-speaking  trans- 
mitters and  receivers  for  the  dispatchers.  This  api)aratus,  how- 
ever, has  not  been  devt'loj)ed  to  the  point  whore  it  can  be  used 
successfully  in  all  cases.  Loud-speaking  ai:)ijaratus  is  greatly 
to  be  desired,  as  the  dispatchers  com]>lain  quite  generally  of 
the  hardship  of  wearing  continuously  the  head  telephone  and 
the  breast-plate  transmitter. 

The  batteries  used  at  the  way  stations  are  in  most  cases  com- 
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posed  of  dry  cells ;  they  are  also  used  in  the  majority  of  cases  for  the 
line-battery  in  the  dispatcher's  office.  These  cells  are,  on  the 
whole,  the  most  economical,  as  the  line  current  necessary  to 
operate  a  selector  is  rarely  over  10  milliamperes  and  in  some  cases 
is  as  low  as  1.5  milliamperes.  However,  small  generators 
are  used  in  some  cases  to  furnish  the  necessary  ringing  current; 
storage  cells,  also,  are  used,  and  both  are  economical  where  the 
circuits  are  long  and  there  are  numerous  busy  stations  on  them. 
In  a  few  cases  secondary  battery  is  used  at  the  way  stations,but 
it  is  not  general  practise,  primary  cells  being  in  the  great  majority 
of  cases  the  most  economical.  Wet  primary  cells  are  often  used 
for  providing  the  current  for  the  dispatcher's  transmitter. 

The  cost  of  providing  a  selector  circuit  ready  for  operation 
under  average  conditions  is  as  follows: 

Cost  per  station  of  providing  and  installing  the  selector  and 
telephone  equipment,  protectors  and  wiring,  both  outside  and 
inside  of  the  offices,  $80.00. 

Cost  of  providing  and  installing  the  necessary  telephone  and 
selective  apparatus,  including  the  battery,  in  the  office  of  the 
dispatcher,  $250.00.  Assuming  that  a  telegraph  pole  line  is 
already  available,  the  cost  of  a  suitable  telephone  circuit  has  al- 
ready been  placed  at  $75.00  per  mile,  so  that  the  cost  of  provi- 
ding and  installing  a  selective  telephone  circuit  along  100  miles 
(160.9  km.)  of  railroad,  where  there  are  thirty  offices  to  serve, 
would  be  a  little  over  $10,000. 

A  telephone  circuit  as  described  above  can  be  used  either  as 
a  dispatching  circuit  or  as  a  message  circuit.  In  arranging  for 
the  handling  of  messages  by  the  telephone,  the  operator  at  the 
terminal  oflBce  usually  remains  on  the  line  continuously,  thus  re- 
quiring signaling  in  one  direction  only.  Often  separate  rooms 
are  provided  for  the  telephone  operators ;  but  in  some  cases  they 
are  placed  on  opposite  sides  of  the  same  tables  which  the  telegraph 
operators  use,  with  good  results.  The  number  of  messages 
that  can  be  handled  on  a  telephone  message  circuit  will  average 
twice  the  number  that  can  be  handled  by  telegraph  between 
the  same  offices,  especially  if  a  typewriter  is  used  in  receiving. 

Two  very  useful  and  time-saving  auxilaries  which  are  avail- 
able with  a  telephone  system  are  installations  of  telephones 
in  booths  or  boxes  along  the  railroad  right-of-way  at  so- 
called  "  blind  sidings  "  (where  no  regular  operators  are  employed, 
and  where  there  may  be  not  even  a  station  building)  and  portable 
telephones  for  the  use  of  the  train  crews.     Telephones  of  these 
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types  can  be  used  to  great  advantage  by  the  trainmen  in  handling 
the  many  emergencies  that  arise,  and  are  also  of  material 
assistance  to  the  dispatcher,  in  reducing  train  delays.  Order- 
forms  for  use  of  the  trainmen  are  usually  provided  along  with 
the  telephones  installed  in  booths  or  boxes  and,  in  some  cases, 
special  forms  of  registers  are  provided  in  which  the  order  forms 
are  placed  so  th^t  three  copies  can  be  made  of  all  orders  trans- 
mitted to  the  trainmen,  one  copy  in  each  case  being  given  to  the 
engineman,  the  second  copy  to  the  conductor,  and  the  third 
copy  remaining  in  the  machine  as  a  record. 

The  portable  telephone  has  obvious  advantages  in  the  respect 
that  it  can  be  used  at  any  point  along  the  road,  by  making  tem- 
porary attachment  to  the  telephone  line-wires.  Some  of  the 
railroads,  however,  have  installed  telephones  in  boxes  or  booths 
along  the  right-of-way  every  half  mile;  in  such  cases  portable 
telephones  could  hardly  be  used  to  advantage.  The  telei)hones 
along  the  right-of-way  are  usually  connected  to  the  dispatch- 
ing circuit  so  that  the  trainmen  can  talk  directly  to  the  dis- 
patcher. Where  telephones  are  provided  every  half  mile,  they 
are  usually  connected  to  a  separate  line-circuit,  and  provisions 
are  made  at.  way  stations  for  switching  it  to  the  dispatching  circuit. 

The  cost  of  a  booth  installed  along  the  right-of-way,  with  the 
necessary  ti'lcphonc  ai)]3aratus,  depends  on  how  elaborate  an 
installation  is  desired;  a  very  substantial  and  satisfactory  in- 
stallation can  be  ])rovide(l  for  $90.00,  but  this  can  be  reduced  to 
possibly  $30.00.  A  good  portable  telephone  can  be  purchased 
for  $12.00.  * 

In  addition  to  the  uses  already  described,  there  are  various 
miscellaneous  ways  in  which  the  telephone  can  be  used  on  a 
modern  railroad.  Telephone  sets  are  placed  in  the  observation 
cars  of  limited  trains  and  connected  to  the  railroad  company's 
branch  exchange,  so  that  passengers  can  talk  to  parties  in  the 
city  from  which  the  train  is  leaving,  up  to  the  time  of  departure. 
The  telephone  is  often  installed  in  freight  sheds  and  in  freight 
yards  so  as  to  provide  a  means  of  ready  communication  from  one 
point  to  another.  Special  types  of  telephone  sets  are  installed  on 
the  desks  of  officials  and  so  wdred  that  conversations  can  be  car- 
ried on  with  other  officials  in  the  same  building  by  ringing  a 
bell  as  a  signal  and  then  simply  talking  in  an  ordinary  tone  of 
voice  into  the  telephone  set,  without  the  use  of  the  ordinary 
receiver  or  transmitter.  Local  telephones  are  installed  in  the 
homes  of  traimnen  for  use  in  calling  them  for  duty,  thus  saving 
time  and  avoiding  the  expense  of  employing  messengers. 
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The  method  employed  in  handling  train  orders  by  telephone 
contains  some  points  of  interest.  All  figures  or  names  of  stations 
occurring  in  the  order  are  spelled  out  letter  by  letter,  both  in  the 
giving  of  the  order  and  in  all  repetitions;  also,  in  handling  a 
'*  31  "  order,^  the  name  of  the  conductor  is  spelled  out.  The 
dispatcher  writes  the  order  in  his  train-order  book  at  the  same 
time  that  he  telephones  it  to  the  operator  or  operators  on  the 
line.  Each  operator  who  receives  the  order  repeats  it  back 
to  the  dispatcher,  the  dispatcher  underlining  each  word  or  num- 
ber as  repeated.  In  operating  a  message  circuit,  the  same  gen- 
eral practise  of  spelling  out  words  and  figures  is  followed  as 
in  the  case  of  the  dispatching  circuit.  The  cost  of  maintenance 
of  the  telephone  is  always  more  than  the  telegraph,  for  the  reasons 
that  the  telephone  is  more  complicated  and  has  more  equip- 
ment. In  the  author's  opinion,  specially  trained  men  should 
always  be  employed  to  maintain  the  telephone  station  equipment, 
although  on  some  railroads  the  section  linemen  are  required 
to  maintain  the  telephone  equipment;  the  last  plan,  however, 
produces  in  most  cases  indifferent  results,  in  the  author's  opinion. 
In  order  to  maintain  properly  four  selective  telephone  circuits, 
having  an  average  length  of  100  miles  each,  at  IcavSt  one  telephone 
insi)ector  should  be  provided  at  a  monthly  rate  of  $85.00  with 
expenses,  and  there  should  be  additional  force  if  tliere  are  many 
telephones  maintained  at  different  *'  blind  sidings  "  along  the 
line,  or  special  apparatus  installed  at  various  terminals,  i)rivate- 
branch  exchanges,  etc.  All  of  this  ex]x;nsc  is  practically  in 
excess  of  what  is  necessary  to  ma#itain  the  tclcgra])h  to  handle 
the  same  work,  although,  as  already  indicated,  the  telephone 
handles  a  great  many  transactions  that  were  never  attempted 
by  telegraph. 

Comparative  Advantages  of  the  Telephone 

The  advantages  of  the  telephone  are  many;  some  direct,  some 
indirect  and  some  psychological.  The  first  and  most  important, 
in  the  author's  opinion,  is  that  it  permits  direct  dealing  between 
the  parties  desiring  to  transact  business.  The  superintendent 
can  talk  directly  with  his  subordinate;  the  chief  dispatcher  can 
talk  directly  with  the  trainmen  out  on  the  line,  and  any  two  em- 
ployes can  deal  directly  with  one  another,  if  the  [)ro])or  tck'])hone 
facilities  have  been  provided.     This  is  what  might  be  termed 

1.  A  form  "  31  "  order  requires  the  signature  of  engineman  and  con- 
ductor, whereas  a  form  "  19  "  order  docs  not:  see  "  Standard  Code  '* 
of  the  American  Railway  Association. 
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the  universality  of  the  telephone  as  compared  with  the  telegraph; 
every  one  from  the  president  to  the  section  foremen  can  use  the 
telephone  directly.  The  telephone,  compared  with  the  telegraph, 
is  a  great  time  saver  on  account  of  its  speed  of  transmission. 
Train  orders  can  be  handled  more  rapidly  by  telephone  than 
by  telegraph.  This  is  due  to  the  fact  that  the  orders  can  ac- 
tually be  transmitted  faster  over  the  telephone;  also,  to  the  fact 
that  the  operators  along  the  line  can  be  made  to  answer  the  calls 
on  the  telephone  bells  quicker  than  their  calls  on  the  telegraph. 
The  primary  reason  for  this  last  condition  is  the  use  of  four-inch 
vibrating  bells  for  way-station  calling  signals,  which  can  be  heard 
from  some  distance.  Again,  an  operator  does  not  know  what  is 
taking  place  on  a  telephone  line  until  he  comes  in  on  the  circuit, 
while,  with  the  telegraph,  the  operator  by  listening  can  read  all 
that  is  being  sent  and,  in  some  cases,  can  judge  as  to  the  relative 
importance  of  the  calls  for  his  office.  A  call  on  the  telephone 
always  involves  an  uncertainty  as  to  what  is  wanted  or  who  is 
calling;  therefore,  in  order  to  be  on  the  safe  side,  the  operator 
will  unconsciously  drop  any  work  in  which  he  is  engaged  and 
answer  the  telephone  bell  when  it  rings.  This  peculiarity  of  the 
telephone  constitutes  one  of  its  psychological  advantages  re- 
ferred to  above.  Furthermore,  the  calling  bell  is  so  wired  in 
the  circuit  that  the  dispatcher  hears  it  ring,  thus  removing  any 
doubt  as  to  whether  the  bell  actually  rang  or  not.  This  is  a  very 
important  point  in  favor  of  the  telephone,  asit  removes  any  chance 
for  an  argument  between  the  dispatcher  and  the  operator  as 
to  whether  the  latter  was  called. 

Since  the  dispatcher  remains  on  the  circuit  continuously, 
the  operators  along  the  line  can  communicate  with  him  without 
calling,  by  simply  coming  in  on  the  circuit  and  stating  what- 
ever information  they  may  have  to  communicate.  On  this  ac- 
count it  naturally  follows  that  more  detailed  information  is 
obtained  as  to  train  movement,  and  that  the  dispatchers  can  keep 
in  closer  touch  with  their  work.  In  using  the  telegraph  a  train 
dispatcher  is  not  able  to  transmit  his  thoughts  by  one-tenth  the 
speed  he  could  express  himself  by  word  of  mouth.  While  a  dis- 
patcher cannot  send  a  train  order  ten  times  as  fast  by  telephone 
as  by  telegraph,  he  can  carry  on  conversations  with  operators 
and  trainmen  along  the  line  at  this  rate,  which  is  a  great 
advantage  to  all  concerned.  Also,  with  the  telephone,  the 
necessity  is  removed  of  operating  trains  through  the  medium 
of  a  large  number  of  men  of  varying  ability.     Then  there  is 
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the  human  side  of  the  telephone  system;  the  men  along  the 
line  get  very  much  better  acquainted  over  the  telephone  than 
over  the  telegraph,  and  cooperate  to  greater  advantage.  This 
condition  was  largely  unknown  when  using  the  telegraph,  and 
is  not  the  least  of  the  advantages  in  the  use  of  the   telephone. 

By  the  use  of  the  telephone,  the  field  from  which  dispatchers 
and  operators  can  be  recruited  is  naturally  broadened.  It  is 
no  longer  necessary,  on  a  railroad  where  the  telephone  has  been 
installed  with  a  sufficient  number  of  circuits  to  keep  the  service 
intact,  to  depend  on  tclcgrai)h  operators,  in  other  words,  spe- 
cialists. There  is,  for  example,  one  division  on  the  Pennsylvania 
Railroad  where  out  of  about  400  operators'  jjositions  along  the 
line,  it  is  necessary  to  fill  only  eight  of  them  with  telegraph 
operators.  This  is  a  very  important  point  for  consideration 
in  these  days  when,  as  already  stated,  the  supply  of  telegraph 
operators  is  not  equal  to  the  demand.  Also,  it  is  possible  to 
use  as  a  dispatcher  an  employe  other  than  one  who  has  obtained 
his  experience  in  the  telegraph  or  telephone  service,  as,  for 
example,  a  freight  or  passenger  conductor. 

While  a  telephone  circuit  is,  in  most  cases,  more  susceptible 
to  outside  influences  than  the  telegraph,  experience  shows  that 
in  heavy  weather,  heavy  fog,  mist,  rain  or  snow,  less  trouble 
is  experienced  with  the  telephone  than  with  the  telegraph;  and 
the  tele[)hone  is  afTected  only  to  a  small  degree  by  earth  cur- 
rents or  by  the  aurora  borealis. 

Finally,  we  have  for  consideration  the  saving  in  the  opera- 
tion of  the  railroad  by  the  use  of  the  tele])hone.  Unfortu- 
nately, it  is  hard  to  show  in  all  cases  a  saving,  because  many  of 
the  best-known  economies  are  more  or  less  intangible.  •  One  is 
generally  sure  that  he  is  sa\dng  time  by  using  the  telephone, 
and  it  seems  at  least  a  fair  assumption  that  there  is  a  correspond- 
ing money  saving.  The  psychological  effects  can  be  capital- 
ized to  some  extent,  but  it  is  generally  difficult  to  do  it.  In  the 
way  of  direct  saving,  the  ability  of  the  dis])atcher  to  get  his 
trains  over  the  division  quickly,  thereby  economizing  in  opera- 
ting expenses,  is  the  most  evident,  and  easiest  to  understand. 
This  is  especially  noticeable  in  the  amoimt  of  overtime  that 
can  be  saved  in  the  pay-rolls  of  the  trainmen  and  the  engine- 
men.  As  it  is  conser\'atively  estimated  that  the  trains  can  be 
handled  over  a  division  from  10  ])er  cent  to  20  per  cent  more 
rapidly  by  telephone  than  by  telcgrai)h,  an  approximate  es- 
timate of  the  overtime  saved  can  be  prepared  by  considering 
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a  certain  operating  division  before  and  after  the  telegraph  is 
replaced  by  the  telephone.  For  example,  on  a  certain  division 
where  the  Northern  Pacific  is  now  installing  the  telephone, 
both  for  handling  trains  and  for  handling  the  messages  along 
the  line,  it  has  been  estimated  that  a  saving  of  about  $200 
per  month  will  be  made  in  overtime  paid  to  trainmen  and  engine- 
men,  to  say  nothing  of  the  other  indirect  savings  of  which  men- 
tion has  already  been  made.  In  some  cases,  a  direct  saving 
can  be  made  by  using  a  smaller  number  of  dispatchers  when 
handling  a  given  section  of  railroad  by  telephone,  as  compared 
with  the  telegraph.  For  example,  there  is  a  division  on  the 
Northern  Pacific  which  is  made  up  of  four  consecutive  dis- 
tricts, having  an  average  length  of  a  little  over  100  miles  each. 
Part  of  the  year,  the  four  districts  can  be  handled  by  using  two 
telephone  dispatching  circuits;  but  when  there  is  considerable 
business  on  the  railroad,  four  dispatching  circuits  are  used. 
It  would  be  necessary  with  the  telegraph,  to  handle  the  four 
districts  by  using  four  circuits  at  all  seasons  of  the  year.  As 
it  requires  three  dispatchers  to  handle  one  dispatcher's  circuit 
during  the  entire  twenty-four  hours,  and  as  the  salary  of  a 
trick  dispatcher  is  $155  per  month,  the  abandonment  of  any 
of  these  positions  even  for  a  part  of  the  year  is  a  very  desirable 
thing  from  the  standpoint  of  saving  in  expenses. 

Savings  arc  also  made  possible  by  the  installation  of  telephones 
in  booths  or  boxes  at  or  near  small  and  uniniiportant  stations 
along  the  line  where  operators  have  been  employed,  thus  re- 
sulting in  the  closing  of  these  stations  for  a  portion  of  the  day, 
at  least,  and  reducing  the  number  of  operators.  In  some 
cases,  less  expensive  operators  are  employed  when  the  tele- 
phone is  installed ;  this  practise  is  quite  common  on  some  of  the 
railroads,  and  is  done  both  at  the  stations  along  the  line  and  in 
the  offices  at  terminals  and  headquarters.  In  the  latter  case 
female  employes  are  often  used  to  advantage,  as  all  that  is 
necessary  is  a  reasonable  familiarity  with  the  business  to  be 
handled  and  the  ability  to  ojDcrate  a  typewriter. 

Disadvantages  of  the  Telephone 

The  princi])al  disadvantage  of  the  telei)hone  as  compared 
with  the  telegraph  is  its  cost  of  installation  and  maintenance. 
However,  these  increased  costs  are  overco^ne  by  the  savings 
that  are  made  possible.  Another  disadvantage  is  that  the  tele- 
phone, in  the  j^resent  state  of  the  art,  is  not  adapted,  on  account 
of  excessive  cost,  for  use  on  the  railroad  for  any  considerable 
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distance.  While  there  is  a  circuit  about  1000  miles  in  length 
in  operation  on  one  raikoad  in  this  count r\-,  at  least,  this  cir- 
cuit is  used  entirely  as  a  talking-circuit  and  is  not  used  for 
message  work.  It  requires  a  good  margin  of  transmission  to 
handle  messages  over  a  telephone  circuit  and.  according  to  the 
author's  experience,  a  circuit  equating  to  more  than  26  miles 
of  standard'  cable  should  not  Ix;  used  in  railroad  ser\-ice; 
at  least,  not  in  connection  with  handling  trains  or  messages. 

While  it  is  possible  to  construct  a  telejihone  circuit  2000 
miles  (3218  km.)  long,  or  even  longer,  that  would  have  the 
proper  transmission  efficiency,  it  will  apparently  be  some  time 
before  a  railroad  can  justify  such  a  circuit,  from  the  stand- 
point of  first  cost  and  maintenance  exjx^nse,  and  benefits  de- 
rived. The  telegraph  will  probably  continue  to  handle  the 
messages  for  the  long  distances,  such  as  500,  1000,  or  1500  miles 
(804,  1609,  or  2414  km.),  for  a  considerable  time  to  come. 

The  telephone  is  not  as  flexible  as  the  telegraph  when  making 
patches  in  cases  of  trouble  on  the  regular  wires.  For  example, 
suppose  that  the  entire  pole-line  is  down  at  some  point  between 
two  terminals,  it  is  very  easy  to  re-establish  a  telegraph  circuit 
over  some  second  route,  even  though  it  be  very  circuitous. 
If  the  circuit  is  too  long  for  direct  working,  repeaters  can  be 
cut  into  the  circuit  at  intermediate  points.  For  example,  it 
is  entirely  possible  for  the  Northern  Pacific  to  obtain  a  circuit 
from  the  Western  Union  Telegraph  Co.  via  Omaha,  Denver^ 
Cheyenne,  Ogden  and  Portland,  and  work  directly  between 
its  St.  Paul  and  Tacoma  offices.  But  it  is  imj)ossible  to  es- 
tablish an  emergency  telephone  circuit  for  the  distance  in- 
volved in  the  above  example,  or  for  considerably  shorter  distances. 

The  telephone  requires  a  much  higher  efficiency  of  main- 
tenance than  the  telegraph.  This  is  not,  strictly  speaking,  a 
disadvantage.  In  fact,  the  telegrai)h  wires  and  ai)i)aratus 
should  be  maintained  as  well  as  the  telephone  s\stem,  but  in 
practise  this  is  not  done  except  in  very  few  cases.  Also,  there 
are  more  delicate  parts  in  the  telephone  apparatus,  to  get  out 
of  order,  than  in  the  telegraj)!!.  The  required  efficiency  of 
maintenance  is  not  as  easy  to  establish,  on  a  railroad,  as  might 
be  thought.  The  telegraph  and  telephone  ])lant  is  necessarily 
spread  out  over  the  entire  system,  without  very  much  of  it  in 
any  one  place;  this  makes  it  difficult  to  secure  adequate  super- 

2.  Standard  cable  has  a  resistance  of  88  ohms  per  unit  (No.  19  A.  W. 
G.  metallic)  and  a  mutual  capacity  of  0.054  microfarad  per  mile. 
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vision,  and  it  is  not  easy  to  impress  upon  the  different  employes 
who  have  to  do  with  the  maintenance  of  the  plant,  the  im- 
portance of  keeping  the  lines  and  apparatus  in  proper  condition. 

Summary  of  Relative  Advantages  of  the  Telegraph 

AND  THE  Telephone 

The  following  summary  presents  the  respective  advantages 
and  disadvantages  of  the  telegraph  and  the  telephone. 

The  advantages  of  the  telegraph  are:  (1)  Flexibility  in  hand- 
ling circuits;  (2)  simplicity  of  installation,  operation  and  main- 
tenance; (3)  best  adapted  for  long-distance  service;  (4)  least 
affected  by  distance,  in  respect  to  transmission  efficiency;  (5) 
low  cost  of  installation  and  maintenance;  (6)  the  necessary 
standard  of  maintenance  is  not  difficult,  to  secure. 

The  advantages  of  the  telephone  are:  (1)  Universality; 
(2)  sa\4ng  of  time;  (3)  rapidity  of  transmission  or  dispatch 
of  business;  (4)  psychological  effects;  (5)  minimum  delay  in 
getting  offices  to  answer  calls;  (6)  lack  of  necessity  of  trained 
specialists  to  operate  the  service ;  ^7)  saving  in  total  expenses 
of  railroad  operation;  (8)  minimum  impairment  of  trans- 
mission efficiency  in  heavy  weather. 

Applications  of  the  Telephones 

As  yet  very  few  railroads  are  using  the  telephone  as  much 
as  they  could  or  should.  Because  many  of  the  economies  with 
the  telephone  are  more  or  less  intangible,  railroad  managers 
are  rather  cautious  in  authorizing  its  wholesale  installation. 
They  are  usually  ready  to  authorize  telephone  disi)atching 
circuits,  as  the  savings  from  them  are  more  easily  understood 
than  in  other  ap])lications.  In  the  author*s  opinion,  the  up- 
to-date  railroad  of  the  future  will  handle  its  operating  divisions 
entirely  by  telephone,  the  telegra])h  being  used  only  for  message 
work  for  long  distances  between  the  terminals  and  the  general 
headquarters.  On  the  divisions,  the  typical  way  office  will 
have  no  telegra])h  instruments,  and  will  depend  entirely  upon 
the  telephone  for  handling  all  messages.  At  all  terminal  ]joints 
and  important  offices  along  the  line,  ])rivate-branch  exchanges 
will  be  installed,  which  will  be  connected  with  each  other  by 
means  of  talking  circuits,  so  that  any  two  employes  on  the  same 
division  or  adjacent  divisions  can  commimicate  with  one  an- 
other easily  and  quickly.  Tele])honcs  will  be  installed  in  booths 
or  boxes  along  the  right-of-way  at  frequent  intervals,  such  as 
every  half-mile,  and  the  necessary  lines  and  apparatus  provided 
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so  that  trainmen,  sjctionmen  or  any  one  out  on  the  line  can  obtain 
ready  communication  with  persons  \i'ith  whom  they  may  have 
business  to  transact.  Where  portable  sets  can  be  used  to  ad- 
vantage, they  will  be  furnished  to  such  employes  as  trainmen, 
sectionmen,  linemen,  signal  maintainers,  etc.,  so  that  con- 
nections can  be  made  directly  to  the  telephone  line-vsnrcs  at 
any  point  along  the  line.  Ample  telephone  service  will  be 
provided  at  all  points,  especially  where  private-branch  ex- 
changes are  installed,  so  that  all  employes  having  any  legiti- 
mate need  to  talk  to  one  another  can  do  so  without  delav, 
whether  in  the  same  city  or  town,  or  at  points  on  the  same 
division,  or  other  divisions,  within  a  possible  limit  of  1000  miles. 
Also,  the  railroads  will  not  forget  to  provide  ample  service  so 
that  the  public  can  reach  certain  authorized  employes  by  tele- 
phone, promptly,  when  necessary. 

The  above  outline  of  the  applications  of  the  telephone  to  the 
needs  of  a  railroad  is  not  entirely  prophecy,  since  there  are 
railroads  in  this  country  already  using  the  telephone,  on  portions 
of  their  systems  at  least,  almost  as  extensively  as  contemplated 
in  the  foregoing  description. 

There  are  four  general  methods  of  communication,  namely: 
by  personal  interview,  by  letter,  by  telegraph  or  telephone 
message,  and  by  telephone  conversation.  There  are  certain 
business  transactions  that  can  best  be  handled  by  only  one  of 
the  above  methods;  there  are  others  that  can  be  handled  by  two 
or  more  of  these  methods;  and  in  some  cases,  bv  anv  one  of  the 
four.  Without  doubt  there  is  always  one  of  these  methods, 
as  a  rule,  that  is  best  adapted  to  any  particular  transaction. 
While  a  great  deal  of  traveling  is  done  by  railroad  men,  there 
is  still,  in  the  author's  judgment,  a  lack  of  i)ersonal  contact  in 
a  great  many  of  the  dei)artments  between  the  man  in  charge 
and  the  men  in  the  field;  in  other  words,  there  is  a  lack  of 
supervision.  There  is  i>robably  no  lack  in  the  number  of  letters 
written;  and  there  is  no  doubt  at  all  that  too  many  telegraph 
messages  are  sent.  The  telephone  as  a  means  of  comtnunication 
is  not,  however,  used  as  it  should  be  on  the  railroads  in  this 
country.  As  already  pointed  out,  the  local  use  of  the  telephone 
has  been  well  developed  in  a  great  many  places,  and  the  same 
is  true  of  its  use  in  dispatching  trains;  but  its  universal  appli- 
cation as  a  means  of  communication,  and  its  sul)stitution  for 
and  its  use  as  an  auxiliary  to  the  telegraph,  have  only  in  a  very 
few  instances  been  carried  to  a  logical  conclusion. 
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Discussion  on  "  Traffic  Studies  in  Automatic-Switch- 
board Telephone  Systems  *'  (Campbell)  and  "  A  Com- 
parison OF  THE  Telegraph  with  the  Telephone  as  a 
Means  of  Communication  in  Steam  Railroad  Oper- 
ation "    (Clapp),    New  York,   March   13,   1914. 

William  Maver,  Jr.:  I  think  it  may  be  safely  stated  that  if 
the  telephone  had  been  invented  before  the  telegraph,  and  had 
been  in  use  on  railroads  for  train  dispatching  and  the  trans- 
mission of  messages,  up  to  the  limit  of  distance  of  which  it  is 
capable,  there  would  have  been  very  little  disposition  on  the 
part  of  railroad  managers  to  displace  the  telephone  by  the  tele-- 
graph,  but  when  the  telephone  appeared  the  telegraph  was  well 
established  on  railroads,  and  its  small  cost  and  simplicity  have 
served  to  give  it  the  stability  in  railroad  service  that  it  has 
acquired. 

The  question  of  the  more  extended  use  of  the  telephone  on 
railroads  was  under  discussion  before  the  Association  of  Rail- 
way Telegraph  Superintendents  at  the  Annual  Convention 
in  Wilmington,  N.C,  in  1899,  and  the  chairman  of  the  con- 
vention expressed  the  views  of  the  Association  when  he  said 
that  the  railroads  as  a  general  thing  do  not  earn  large  dividends, 
and  they  do  not  care  to  spend  much  money  on  telephone  lines. 
Although  the  subject  of  the  use  of  the  telephone  for  train  dis- 
patching was  mooted  in  1899,  it  was  not  until  1907  that  its  use 
for  this  purpose  on  a  large  scale  began,  and  its  employment 
in  this  service  imperatively  demanded  the  development  of 
means  for  rendering  it  practically  available,  which  demand 
was  met  by  the  introduction  of  selective  ringing. 

I  think  the  idea  prevails  that  iron  has  been  quite  largely  dis- 
placed by  copper  wire  for  telegraph  purposes,  and  that  when 
iron  is  used  in  new  work  it  is  to  give  strength  to  the  line.  One 
important  claim  for  the  employment  of  copper  wire  in  tele- 
graphy, in  addition  to  its  superiority  electrically,  has  been  that 
when  iron,  by  reason  of  corrosion,  has  become  valueless,  copper 
wire  still  has  high  intrinsic  value  as  junk. 

My  experience  on  frequent  occasions  when  I  have  had  the 
option  of  using  the  telegraph  or  the  telephone  over  distances 
ranging  from  200  to  1000  miles  has  been  quite  favorable  to  the 
telegraph  as  a  means  of  quick,  reliable  and  intelligent  com- 
munication between  expert  operators,  chiefly  due  to  an  uncer- 
tainty as  to  certain  words  in  telephone  conversations,  which 
frequently  called  for  repetition.  My  observation  of  the  opera- 
-tion  of  the  telephone  in  some  cases  seems  to  indicate  that  when 
it  is  used  regularly  for  questions  and  answers,  the  purport  of 
which  is  generally  understood  by  both  speakers,  conversation 
is  easy.  I  have  noticed  this  particularly  in  cases  where  the 
telephone  is  used  as  a  means  of  communication  between  dif- 
ferent sections  of  large  manufacturing  plants,  where  illiterate 
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workmen  exchange  information  freely  concerning  the  work 
in  which  they  are  engaged.  When,  however,  subjects  foreign 
to  this  work  are  broached  to  them  by  telephone,  they  are  often 
at  sea.  While  it  is  true  that  Mr.  Clapp  quite  properly  stip- 
ulates a  high  factor  of  transmission  efficiency  for  the  telephone 
circuits  for  this  railroad  service,  I  believe  that  some,  at  least, 
of  the  success  of  this  serxice  between  dispatchers,  station  agents 
and  conductors  may  be  due  to  their  familiarity  with  the  nature 
of  the  subject  discussed,  although  of  course  the  precaution  of 
spelling  out  the  words  of  train  orders,  letter  by  letter,  and  re- 
peating back  the  order  to  the  dispatcher,  is  almost  a  sure  pre- 
ventive of  error. 

The  fact  that  telegraph  operators  require  months  or  years 
to  become  proficient  is  a  great  disadvantage  of  the  telegraph 
as  cc)mj)arcd  ^Hith  the  telephone,  and  the  further  fact  that  the 
labor  clement  utilizes  this  condition  to  enforce  its  demands 
has,  no  doubt,  been  an  important  factor  in  forwarding  the 
employment  of  the  telephone  for  the  movement  of  railroad  trains, 

Mr.  Clapp  makes  the  jwint  that  the  telephone  operator 
at  a  station  cannot  hear  what  is  passing  on  the  line  until  he 
cuts  in,  whereas  the  telegraph  operator  can  hear  everything. 
Seemingly,  there  is  nothing  to  prevent  the  railroad  telephone 
operator  from  cutting  in  at  times  from  curiosity.  Again,  there 
have  been  cases  in  which  it  was  important  that  the  telegraph 
operator  had  heard  the  dispatcher's  messages  to  other  stations. 

The  point  brought  out  relative  to  the  time  gained  by  using 
the  telephone  in  the  movement  of  trains  and  in  other  directions, 
and  the  consequent  saving  in  the  pay-rolls  of  train  crews,  as 
well  as  the  savings  due  to  the  displacement  of  expensive  tele- 
graph operators  by  less  expensive  telephone  operators  in  many 
places,  is  a  strong  one,  although  the  aggregate  saving  thus  far 
does  not  a[)pear  to  be  great  in  the  specific  cases  discussed  by 
Mr.  Clapp. 

The  change  from  the  telegraph  to  the  telephone  in  railroad 
service  is  quite  a  radical  one,  and  has  to  face  the  condition  that 
the  telephone,  like  the  telegraph,  is  not  directly  a  revenue  pro- 
ducer for  the  railroad  companies,  and  hence  does  not  always 
receive  the  recognition  that  its  importance  in  the  actual  opera- 
tion of  the  railroad  system  warrants.  Considering,  however, 
the  fact  that  it  is  only  within  the  past  two  years  that  any  rail- 
road officials  have  had  the  temerity  to  authorize  the  substitution 
of  the  telephone  for  the  telegraph  as  a  means  of  communica- 
tion in  steam  railfoad  operation,  the  progress  thus  far  made 
in  that  direction  is  really  noteworthy. 

William  E.  Harkness:  The  use  of  the  telephone  in  the  trans- 
action of  railroad  business  \\'ill  be  greatly  increased  in  the 
future,  and  in  many  cases  it  will  supersede  the  telegraph.  There 
are,  however,  certain  classes  of  railway  communications  which 
can  be  handled  more  economically  by  telegraph,  so  that  we 
need  not  anticipate  the  complete  elimination  of  the  telegraph 
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as  a  means  of  communication.  Whether  telegraph  trans- 
mission in  the  future  is  to  be  performed  manually  or  by  machine 
remains  to  be  determined,  but  this  phase  of  the  situation  is  at 
present  receiving  considerable  attention. 

Mr.  Clapp  has  given  figures  covering  the  average  costs  of 
line  construction  and  station  equipment  on  single-  or  double- 
track  railroads.  The  amount  covering  station  equipment 
may  be  increased  to  as  high  as  $200  per  station  on  multi-track 
trunk  lines  under  complete  telephone  operation  where  the 
nimiber  of  lines  entering  a  way  station  varies  from  five  to  ten. 
Roads  of  this  class  are,  however,  few. 

It  is  interesting  to  note  that  the  annual  saving  in  overtime 
by  the  use  of  the  telephone  on  the  one  division  mentioned 
amounts  to  24  per  cent  on  the  investment,  also  that  the  saving 
given  does  not  include  the  saving  in  time  of  motive  power  nor 
the  saving  in  coal  consumption,  which  arc  two  of  many  ex- 
penses which  are  indirectly  affected.  Unfortunately,  these 
savings  cannot  be  calculated  in  advance  when  presenting  the 
advantages  of  the  telephone  to  the  railroad  management. 

It  has  been  found  that  the  train  dispatcher  operating  by 
telephone  is  under  less  strain  than  one  operating  by  telegraph, 
and  can  handle  practically  double  the  amount  of  work  he  has 
been  handling  by  telegraph.  This  in  some  cases  has  resulted 
in  the  extending  of  his  district,  as  mentioned  by  Mr.  Clapp. 
The  savings  in  salaries  alone  in  such  a  case  will  approximate 
$5,000  annually,  which  is  equivalent  to  25  per  cent  on  the  first 
cost  of  the  telephone  circuit  over  the  two  districts  covered. 

While  the  cost  of  telephone  line  construction  is  nearly  double 
that  of  the  corresj)()nding  class  of  telegraph  construction,  it 
must  be  remembered  that  the  facilities  for  communication 
have  been  more  than  doubled.  In  the  first  place,  the  speed 
of  transmission  has  been  increased.  The  average  railroad 
Morse  operator  does  not  send  over  25  to  30  words  per  minute, 
whereas  by  tele])hone  the  same  man  will  transmit  at  the  rate 
of  50  to  75  words  per  minute,  the  latter  rate  being  in  excess  of 
the  maximum  manual  Morse  record.  One  factor  having  a  bear- 
ing on  this  matter,  which  differs  from  that  of  a  commercial 
basis,  is  the  greater  length  of  railway  messages. 

Secondly,  in  addition  to  the  two  wires  being  used  for  tele- 
phone conversaticm,  they  provide  an  additional  telegraph  circuit 
at  an  expense  of  not  over  SlOO  for  auxiliary  equipment 
for  simplexing  the  circuit:  or,  if  two  parallel  telephone  circuits 
are  available  a  third  or  phantom  telephone  circuit  can  be  se- 
cured, capable  of  good  commercial  transmission  for  distances 
up  to  500  miles,  at  an  expense  of  approximately  $500.  In  one 
case  where  this  has  btx'n  done,  a  saving  of  $100  per  month  has 
been  made  in  long  distance  tolls  at  one  terminal  alone,  and  no 
value  placed  on  the  time  saved  or  increased  use  of  the  service. 

The  telephone  for  some  time  to  come  cannot  compete  with 
the  telegraph  in  handling  messages  over  distances  of  1000  miles 


R.  :•    Hii 


.-. .  tr 


1914]  DISCUSSION  AT  NEW  YORK  343 

to  be  borne  out  by  practise.  We  note,  however,  that  in  the 
comparison  of  costs  of  inside  and  outside  plant,  the  facilities 
provided  by  a  single  telephone  circuit  composed  of  two  No.  8 
gage  copper  wires,  have  been  compared  directly  with  the  facil- 
ities provided  by  one  iron  telegraph  wire  working  duplex  or 
quadruplex,  and  it  seems  that  it  would  only  be  fair  to  recognize 
the  fact  that  one  pair  of  telephone  wires  is  capable  of  supply- 
ing a  telegraph  circuit  in  addition  to  the  telephone  circuit,  and 
that  this  telegraph  circuit  may  be  duplexed  or  quadruplexed. 
Also,  if  there  are  two  similar  pairs  of  wires  on  a  pole,  properly 
tran3posed,  we  may  obtain  from  them  not  only  a  train  dispatch- 
ing and  message  circuit,  but  we  may  in  addition  obtain  a  third 
telephone  circuit  and  a  telegraph  circuit;  in  other  words,  four 
circuits  from  the  four  wires.  The  cost  of  obtaining  the  addi- 
tional telephone  and  telegraph  circuit  is  only  nominal. 

Therefore,  it  would  be  more  nearly  fair  to  compare,  as  far 
as  outside  plant  is  concerned,  the  cost  of  one  No.  9  A.  W.  G. 
wire  with  the  cost  of  one  No.  8  B.  W.  G.  iron  wire.  On  this 
basis  the  telephone  will  appear  much  more  favorably  in  regard 
to  initial  cost. 

I  have  noticed  further,  that  the  telephone  circuit  which  has 
been  especially  designed  for  use  in  the  railroad  field  has  been 
referred  to  as  the  so-called  "booster,"  and  so  that  there  will 
be  no  misimderstanding  it  would  be  well  to  emphasize  the  fact 
that  it  is  only  so  called.  It  might  better  be  called  a  "conserva^ 
tion  "  circuit,  for  in  fact  the  gain  in  transmission  which  is  ef- 
fected, which  in  amount  is  in  the  neighborhood  of  four  miles 
of  standard  cable,  is  due  solely  to  the  fact  that  we  eliminate 
the  dead  loss  which  occurs  in  the  ordinary  telephone  circuit  by, 
so  to  speak,  * 'talking  out''  through  the  receiver  at  that  station, 
and  receiving  through  the  secondary  of  the  induction  coil.  In 
still  other  and  more  general  terms,  it  delivers  to  the  line,  when 
transmitting,  more  nearly  all  of  the  energy  which  the  trans- 
mitting element  is  capable  of  producing,  and  at  the  receiving 
station  it  uses  a  larger  percentage  of  the  energy  available  in 
producing  the  necessary  effect  in  the  receiving  instnmient. 

I  gather  from  the  statement  regarding  the  use  of  booths  at 
frequent  intervals  along  the  right  of  way  for  use  in  case  of  emer- 
gencies, that  it  is  the  usual  practise  to  run  a  separate  pair  of 
wires  to  which  these  stations  are  connected,  and  to  rely  on  a 
switching  arrangement  at  an  adjacent  station  at  which  there 
is  an  operator  to  connect  the  party  to  the  train  line.  I  am 
wondering  if  the  intent  of  this  arrangement  would  be  to  free 
the  train  wires  of  the  load  of  a  multiplicity  of  stations  which 
are  not  used  except  at  rare  intervals.  If  so,  it  would  seem 
more  economical  and  the  same  result  could  usually  be  accom- 
plished by  the  use  of  a  reliable  automatic  cutout  switch,  either 
operated  by  the  closure  of  the  door  of  the  booth,  or  from  the 
hasp  of  the  padlock,  to  insure  that  the  sets  were  disconnected 
from  the  line  when  not  in  use.  I  understand  this  is  quite  com- 
mon practise  with  a  number  of  the  railroads. 
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D.  P.  Gtace:    Mr.  Canipbell's  paper  descnbes  ihe  apparatus 

lot  recordir.?  the  tirr.e  cr.  trunk  lir.es.  and  that  is  r^articulariv 
applfcar^le  in  hxtXf.vrjscJir:  txr.r^nges,  but  I  think  it  n:fght  be  of 

cr/Tiiiderarfle  use  in  TrsiZM^il  eichani^es. 

Re:i:-ardir:jf  Mr.  Ciapp's  paper  on  the  advantafes  of  the  tele- 
phone and  teleicTaph.  the  most  interesting  thine  to  consider, 
periiaps.  is  that.  :n  a  measure,  the  dispatching  circuit  is  an 
automatic  svstem..  in  that  the  5ut>er%-isinz  operator  or  disnatcher 
uses  the  automatic  m.echanism  for  calling  the  operators  al*jng 
the  line.  As  tim;e  /oes  on,  it  will  be  interesting  to  know  how 
much  m.or*:  MSh  is  made  of  au:om.atic  apparatus  in  the  general 
extending  of  the  telephone  system  tr.at  Mr.  Clapp  predicts. 
There  is  a  possibility  that  the  autom.atic  apparatus  m.ay  be  used 
at  the  lerrr.irials  as  'aell  as  in  the  dispatching  along  the  line. 

Mr.  Cla:jp  st/eaks  of  the  delicacv  of  telephone  aciaaratus 
and  the  increased  cost  of  mair.teriance  over  telegraph  apparatus. 
Now,  it  is  true  that  telephone  apparatus  as  placed  in  the  hands 
of  the  subscriber  along  the  line  is,  as  a  rule,  delicate.  The 
telegraph  apparatus,  on  the  other  hand,  is  much  stronger. 
Apparatus  to  be  supplied  for  a  telegraph  line,  or  a  telephone 
line,  especially  on  a  railroad,  should  be  ver>*  substantially  built, 
and  if  care  is  given  to  designing,  I  think  much  of  the  present 
maintenance  charge  could  be  eliminated. 

In  many  railroad  systems  where  telephone  circuits  have  been 
used  for  message  piuposes,  there  h.as  been  a  great  deal  of  trouble 
due  to  poor  transm.ission.  This  has  most  generally  been  traced 
to  the  lack  of  knowledge  on  the  part  of  railroad  telegraph  people 
in  the  operation  of  these  circuits.  They  have  assum.ed  that 
they  could  be  used  much  the  same  as  telegraph  lines,  and  have 
connected  into  the  circuit  many  m.iles  of  rubbtr- covered  wire 
and  iron  wire,  and  have  even  run  these  wires  through  many 
private  branch  exchange  switchboards,  the  result  being  that 
the  transm.ission  was  very  poor.  Wherever  there  is  an  extended 
telephor*e  system  along  a  railroad,  there  should  be  by  all  means 
a  thoroughly  comipetent  telephone  transm.ission  engineer  who 
can  lay  out  the  circuits  and  s^:-.-  that  they  are  properly  connected, 
Sij  that  good  transmission  will  result. 

The  recent  stonn  has  shown  the  susceptibility  of  the  overhead 
wire  plant  to  serious  damaj:e  and  interruption  of  s<:*r\ice.  Un- 
questionably, this  part  of  the  plant,  bijth  an:ong  the  railroad 
companies  and  the  telephone  companies,  must  ijc  improved  in 
the  nf:ar  future;  but  whetht-r  i:  i<  going  lo  be  a  case  of  universal 
installation  of  conduits  or  steel  ]j<-)les  (T  euncrete  pole  lines,  is 
yet  to  \x:  determined.  ' 

( J  real  ef:onomies  would  be  possible  in  the  handling  of  com- 
munications, in  the  handling  of  railroail  trains  throughout  the 
country,  if  there  could  be  some  sort  of  combination  or  co-operation 
Ixrtween  the  railroad  companies  and  the  telegraj^h  and  telephone 
conipanies.  It  is  easy  to  see  that  one  conduit  line  along  the 
railroad  tracks  between  the  important  cities  of  the  cotmtry 
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would  furnish  means  of  communication  for  all  telephone  mes- 
sages and  telegraph  messages,  train  dispatching,  and  the  signal 
line  service.  If  we  are  looking  for  economies  in  the  handling 
of  communications,  I  think  that  is  one  very  fruitful  field  that 
is  open  to  us. 

John  B.  Taylor:  One  point  that  I  want  to  raise  is  the  relative 
ability  of  the  telegraph  and  the  telephone  circuits  to  withstand 
disturbances  from  power  lines.  I  ask  if  in  making  reply  the 
author  w411  express  some  opinion  upon  this  subject,  as  well  as 
upon  the  relative  ability  of  the  two  systems  to  continue  service 
through  different  atmospheric  and  wet  weather  conditions. 

In  some  respects  the  telegraph  has  the  advantage  here,  in  that 
it  is  less  sensitive  to  the  extraneous  currents,  and  in  other  respects 
the  telephone  seems  to  have  the  advantage,  in  that  there  is 
no  definite  current  above  or  below  which  the  instrument  will 
operate  or  become  inoperative.  The  transmitted  current  may 
be  very  small,  and  still  be  a  good  recognizable  speech  current, 
while  in  the  telegraph  line,  if  it  becomes  small,  it  may  entirely 
fail  to  actuate  the  instrument. 

W.  Lee  Campbell:  I  want  especially  to  call  your  attention  to 
Mr.  Clapp's  suggestion  that  the  use  of  the  telephone  in  railroad 
service  may  be  extended  very  much  further  than  most  railroad 
telegraph  engineers  seem  to  have  contemplated  up  to  date, 
by  the  railroads  operating  their  own  telephone  plants  at  their 
terminal  headquarters.  I  know  of  at  least  one  large  railroad 
which  is  now  commencing  this  j)lan,  viz:  it  is  buying  plants  to 
install  at  its  terminal  and  division  headquarters,  and  is  arranging 
so  that  any  official,  by  calling  the  o])crator  in  charge  of  the  mes- 
sage line,  can  talk  din^cl  to  any  station  along  the  railroad  line,  and, 
vice  versa,  any  official  who  may  he  out  along  the  line  at  any  station 
may  signal  the  operator  at  headquarters  and  have  her  call  the  local 
official  desired  and  connect  the  two  together.  This  is  something 
which  is  only  possible,  as  a  rule,  where  the  railroad  owns  its  own 
plants,  because  the  public  telephone  companies  which  rent 
telephone  service  object  to  having  any  privately  owned  lines  or 
equipment  connected  to  their  systems.  I  believe  there  is  going 
to  be  a  very  large  dcveloptiicnt  along  this  line,  and  I  believe  that 
it  will  be  a  very  great  fa(*tor  in  converting  the  telegraph  engineers 
and  other  railroad  ofilcials  to  tlie  use  of  the  telephone  in  the  place 
of  the  telegraph. 

M.  H.  Clapp:  Referring  to  Mr.  Maver's  statement,  in  stating 
as  a  disadvantage  the  slowness  of  the  telegraph  when  discussing 
a  subject  over  a  wire,  I  imagine  that  this  is  largely  due  to  the  way 
one  has  been  trained.  I  have  never  discussed  many  subjects  at 
length  over  the  telegraph,  however,  I  have  discussed  very  satis- 
factorily many  matters  over  the  telephone  for  long  distances. 
I  have  always  had  the  impression  that  the  telephone  provides 
a  quicker  method  than  the  telegraph. 

As  to  the  matter  of  o]>erators  cutting  in  on  the  circuit,  I  did 
not  mean  to  imply  they  could  not  cut  in  and  listen  on  the  tele- 
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phone  circuit.  The  chances  are,  though,  that  they  do  not  do 
this  as  a  general  thing,  because  they  cannot  attend  to  other  duties 
if  they  are  cut  in  on  the  circuit  continuously;  in  the  case  of  the 
telegraph  instrument,  however,  they  can  listen  from  different 
points  in  the  room  while  employed  at  other  work. 

As  to  the  matter  of  saving,  I  spoke  of  $100  a  month,  but  I 
did  not  mean  to  imply  that  this  was  the  only  saving;  it  was  given 
only  as  an  illustration  of  possible  savings.  Unfortunately,  a 
great  many  of  the  savings  made  possible  by  the  use  of  the 
telephone  on  a  railroad  are  more  or  less  intangible  and  hard 
to  express  in  figures.  This  $200  I  mentioned  is  an  illustration 
of  the  tangible  saving  which  we  figured  out  in  a  special  case. 

Referring  to  Mr.  Harkness's  statement  on  the  advantage  inflexi- 
bility of  the  telegraph  over  the  telephone,  I  had  more  inmind 
circuitous  routings  rather  than  any  condition  on  the  division. 
I  appreciate  very  thoroughly  that,  by  having  a  large  number, 
or  a  reasonable  number,  of  telephone  circuits  on  a  division, 
the  system  can  be  made  practically  as  flexible  as  the  telegraph. 

I  also  appreciate  that  selectors  have  been  used  very  successfully 
on  telegra])h  circuits.  However,  they  do  not  appear  to  be  so 
generally  in  use — at  least  it  would  seem  that  the  telephone  had 
so  many  advantages  over  a  telegraph  circuit  with  selectors, 
that  their  use  in  connection  \\4th  the  telegraph  has  not  been 
considered  except  in  a  few  cases. 

Referring  to  Mr.  Hill's  statement,  comparing  No.  9  copper  with 
No.  8  iron,  I  appreciate  that  possibly  I  did  not  carry  that  com- 
parison to  a  logical  conclusion  when  considering  the  telegraph 
superimposed  upon  the  telephone  circuit.  In  my  reference  to 
the  necessity  (^f  a  special  telephone  circuit  for  the  use  of  employees 
along  the  line,  I  had  this  more  in  mind:  Where  the  booths  or 
cabinets  in  which  telephones  are  placed  are  being  used  very  fre- 
quently, and  are  stationed  every  half  mile  or  so,  I  do  not  believe 
it  good  practise  to  j^rovide  means  (even  with  a  switch)  of  cutting 
in  a  telephone  on  a  dispatching  circuit.  It  would  no  doubt  be 
better  to  j)rovide  separate  circuits  and  terminate  the  circuits 
in  various  private  branch  exchanges  along  the  line. 

Referring  to  the  use  of  the  automatic  system  on  the  railroads, 
I  believe  that  it  is  entirely  practicable,  especially  in  shops  and 
terminals,  where  the  number  of  telephones  that  do  not  need 
outside  connection  is  large.  There  is  one  disadvantage,  as 
I  see  it,  however,  in  placing  the  automatic  system  in  general  use 
on  the  railroad — it  is  pretty  hard  to  arrange  a  plan  for  connecting 
the  long-distance  lines  to  the  automatic  line. 

Relative  to  power  line  disturbances  afTecting  the  telegraph  and 
telephone,  it  has  been  my  experience  I  hat  j)()wer  lines,  electric 
light  lines  for  example,  afTcct  the  t(*lei)hone  a  great  deal  more 
than  they  do  the  telegraph.  In  some  cases  it  n  quires  s})ecial 
study  in  order  to  avoid  the  inductive  disturl)ances. 

W.  Lee  Campbell  (by  letter) :  Mr.  Clapp  infers  in  his  response 
to  the  discussion  of  his  very  interesting  i)aper  that   there   is 
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some  difficulty  in  the  way  of  connecting  automatic  intercom- 
municating systems  installed  in  railway  terminal  headquarters 
with  long-distance  telephone  lines,  or  railroad  message  telephone 
circuits.  I  am  somewhat  at  a  loss  to  understand  whether  Mr. 
Clapp  meant  by  this  that  the  Bell  Company,  heretofore,  has 
objected  to  connections  between  its  long-distance  lines  and  either 
automatic  or  manual  switchboards  owned  by  others,  or  whether, 
not  being  thoroughly  familiar  with  automatic  apparatus,  he  is 
under  the  impression  that  it  is  more  difficult  to  connect  it  to 
long-distance  lines  or  message  lines  than  it  is  to  connect  manual 
switchboards  to  such  linos.  Since  some  members  of  the  In- 
stitute may  place  the  latter  construction  on  his  remark,  I  wish, 
injustice  to  the  manufacturers  and  users  of  automatic  switch- 
boards, to  make  it  perfectly  clear  that  such  switchboards  can 
be  and  have  been,  for  many  years,  connected  to  long-distance 
lines  just  as  readily  as  manual  switchboards  have  been.  Calls 
from  automatic  switchboards  to  long-distance  lines  and  vice 
versa  are  made  by  the  thousands  every  day. 

Donald  McNicol  (by  letter) :  In  view  of  the  title  selected  for 
Mr.  Clapp 's  paper,  I  take  it,  that,  in  the  main,  its  scope  is  intended 
to  include  only  a  oomi)arison  of  the  telegraph  with  the  telephone 
as  a  means  of  dispatching  railroad  trains,  and  as  a  medium  of 
communication  between  railroad  officials  and  operatives  for 
the  purposes  of  train  operation. 

The  extensive  employment  of  the  telephone  for  the  purposes 
cited,  during  the  past  eight  or  nine  years,  furnishes  conclusive 
evidence  that  the  tcleplione  method  more  satisfactorily  meets 
general  railway  requirements. 

The  points  I  wish  to  touch  upon  relate  to  the  so-called 
"  message  '^  circuits,  and  to  the  efficient  operation  and  main- 
t:nance  of  telegraph  linos  and  equipment,  w^th  the  object  in  view 
of  increasing  the  usefulness  of  the  telegraph. 

It  is  quite  possible  that  the  general  application  of  the  telephone 
to  take  care  of  the  service  for  which  it  is  best  adapted,  has  di- 
verted attention  from  the  possibilities  in  the  way  of  increased 
efficiency  of  the  telegraph. 

It  is  stated  in  the  paper  that  telegraph  operators  are  scarcer 
now  than  formerly,  and  that  the  grade  of  men  in  this  service  is 
below  that  of  the  men  engaged  in  the  work  a  few  years  ago.  My 
understanding  is  that  the  available  supply  of  telegraphers  has 
been,  during  recent  years,  considerably  above  the  demand,  and 
so  far  as  ability  is  concerned,  it  is  well  known  that  the  average 
telegrapher  today  can  handle  at  least  25  per  cent  more  messages 
per  hour  than  were  handled  by  the  average  telegrapher  of  a  de- 
cade or  two  ago.  It  is  further  stated  in  the  paper  that  the  oppor- 
tunities which  the  present-day  telegrapher  has  to  enter  other 
fields  of  activity  are  much  more  frequent  than  20  or  30  years  ago. 
With  reference  to  the  situation  here  presented,  I  believe  that  it 
is  very  rarely  now,  that  a  telegrapher  has  an  opportunity  to  get 
into  any  other  electrical  industry,  due  to  the  fact  that  speciali- 
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zation  has  rendered  him  unfit  for  any  but  the  very  low  salaried 
places,  such  as  "  helper  "  or  as  student,  and  also  to  the  fact  that 
universities  and  colleges  are  turning  out  thousands  of  trained 
applicants  for  positions  in  the  electrical  field.  Twenty  years  ago 
the  heads  of  most  electrical  enterprises  of  any  imjxjrtance  were 
cx-telegrai)hers,  and  the  telegraph  was  the  most  prolific  school  of 
engineering.  While  the  present  outlook  is  rather  forbidding  to 
the  telegrapher,  it  is  very  favorable  to  the  telegraph,  as  it  is  now 
possible  permanently  to  avail  of  the  services  of  the  brightest  men 
who  enter  the  service — those  who  formerly  left  it  after  becoming 
good  electricians. 

It  is  also  stated  that  the  number  of  messages  that  can  be 
handled  on  a  telephone  message-circuit  vdW  average  twice  the 
number  that  can  V>c  handled  by  telegraph  between  the  same 
offices.  My  opinion  is  that  the  reverse  of  this  would  be  nearer  cor- 
rect— even  where  plain  language  messages  are  concerned.  In  the 
transmission  of  code  telegrams,  telephone  handling  is  practically 
out  of  the  question.  A  first-class  telegrapher  can  handle  seventy 
telegrams  jxjr  hour  all  day,  without  hardship,  on  circuits  prac- 
tically unlimited  in  length.  Telephone  message  work  that  I  have 
seen  done  on  comparatively  short  circuits  and  under  very  favor- 
able circumstances,  fell  far  lx4ow  this  figure  in  performance. 

Again,  it  is  stated  that  as  compared  with  the  telegraph,  the 
telephone  is  a  great  time-saver,  due  to  the  fact  that  a  dispatcher 
can  transmit  orders  faster  by  telephone.  It  is  my  impression 
that  where  train  orders  are  copied  by  pencil  or  stylus,  the  dis- 
patcher generally  can  transmit  by  telegraph  consideral)ly  faster 
than  most  operators  can  fomi  copy  suflfuMfntly  legible  for  train- 
men to  read.  This  brings  to  notice  the  fact  that  the  sp)eed  of 
transniissi(;n  in  either  case  is  determined  by  the  speed  at  which 
the  [^rson  receiving  tlie  order  can  write  it  down  legibly.  Un- 
doubtedly a  skilled  telegrapher  can  write  more  rapidly  than  a 
trainman  or  an  untrained  clerk.  These  considerations  emphasize 
the  fact  that  the  alleged  greater  si)eed  of  the  telephone  than  that 
of  the  telegraj)h,  where  written  messages  or  orders  are  concerned, 
is  of  no  evident  advantage. 

Certainly,  the  telephone  is  a  more  satisfactory  medium  for 
carrying  on  short-distance  conversations,  especially  between  non- 
telegraphers,  and  the  personal  contact  through  the  agency  of  the 
voice  aids  materially  in  limiting  the  discord  resulting  from  mis- 
understanding of  intent  and  attitude,  which  seems  to  he  insepar- 
able from  the  activities  of  train  operation. 

The  paper  states  that  under  certain  conditions  the  telegraph 
circuit  is  susceptible  to  disturbances  to  a  greater  degree  than  is 
the  telephone.  I  ask  Mr.  Clapp  if  in  this  case  a  metallic  circuit 
telephone  line  is  being  compared  with  a  grounded  circuit  tele- 
graph line. 

In  recounting  the  **  disadvantages  '*  of  the  telephone,  I  see 
no  mention  made  of  the  fact  that  where  telephones  are  used  for 
train  wire  work,  the  operator  has  to  remain  at  his  desk  with  the 
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receiver  to  his  ear  in  order  to  be  informed  of  what  is  going  on, 
while  with  telegraph  operation,  the  operator  may  keep  in  touch 
with  what  is  passing  over  the  wire  while  attending  to  other  duties, 
and  without  having  to  remain  near  the  instrument. 

Mr.  Clapp  says  that  except  in  very  few  cases  the  telegraph 
lines  and  equipment  on  railroads  are  not  maintained  at  as  high  a 
degree  of  efficiency  as  are  the  telephone  wires  and  apparatus. 
It  is  also  stated  that  **  the  telegraph  will  probably  continue  to 
handle  messages  for  the  long  distances,  such  as  500, 1000,  or  1500 
miles,  for  a  considerable  time  to  come.^'  Those  in  close  touch 
with  the  entire  subject  will  undoubtedly  agree  that  this  latter 
conclusion  is  well  founded,  notwithstanding  that  a  number  of 
expensive  attempts  have  been  made  to  employ  the  telephone  for 
this  very  purpose. 

With  reference  to  careless  maintenance  of  telegraph  lines  and 
apparatus,  it  is  my  belief  that  herein  are  great  possibilities  for 
betterment,  involving  a  reduced  cost  per  message  handled  and  a 
faster  service.  The  railroad  companies  have  in  many  instances 
availed  unstintingly  of  expert  telephone  advice,  in  which  they 
have  been  industriously  assisted  by  the  telephone  companies,  while 
the  telegraph,  even  for  long-distance  work,  has  been  regarded  as  a 
necessary  evil — something  to  be  dispensed ^dth,  no  matter  what 
takes  its  place. 

It  occurs  to  me  that  where  there  are  five  million  telegrams  per 
year  handled  on  one  railroad,  with  little  likelihood  of  the  number 
per  year  decreasing  as  time  goes  on,  the  possibility  of  clipping 
off  half  a  cent  per  message  in  the  cost  of  handling,  by  increasing 
the  efficiency  of  the  telegraph,  should  prove  an  alluring  prospect 
in  these  days  of  high  aims. 

M.  H.  Clapp  (by  letter):  Referring  to  the  discussion  sub- 
mitted by  Mr.  McNicol,  1  think  the  points  made  by  him  are 
very  interesting  and  some  of  them  are  well  taken.  I  believe 
that  there  is  a  great  deal  in  the  idea  that  in  our  desire  to  extend 
the  application  of  the  telephone  to  the  railroads,  we  have  over- 
looked possibilities  in  connection  with  the  telegraph.  How- 
ever, I  believe  at  the  present  time  more  and  more  attention  is 
being  given  to  the  development  of  the  telegraph,  especially  to 
automatic  telegraphy. 

It  is  difficult  for  me  to  agree  with  the  assertion  that  the  avail- 
able supply  of  operators  has  been  sufficient  during  the  past 
few  years.  There  has  certainly  not  been  an  adequate  supply 
in  the  Northwest  during  this  period.  Of  course,  at  the  present 
time  there  is  very  little,  if  any,  trouble  experienced  in  obtain- 
ing operators.  However,  we  consider  that  at  present,  to  say 
the  least,  we  are  not  having  prosperous  times.  As  soon  as 
business  conditions  improve,  I  think  we  will  have  serious  dif- 
ficulty in  obtaining  operators  necessary  to  handle  our  business. 

Relative  to  the  ability  of  the  operators  of  today,  I  appreciate 
that  first-class  operators  can,  by  the  aid  of  the  typewriter  and 
other  modem  equipment,  handle  more  messages  per  hour  than 
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was  formerly  done  under  less  favorable  circumstances.  How- 
ever, it  has  been  our  experience,  and  the  experience  of  other 
railroads  in  the  West,  that  the  average  operator  is  not  as  com- 
petent as  formerly. 

Mr.  McNicol  apparently  misunderstands  the  point  that  I 
was  endeavoring  to  make  in  connection  with  the  opportunities 
for  the  telegraphers  to  enter  fields  other  than  the  telegraph. 
I  made  the  statement* :  *  'Twenty  or  thirty  years  ago  .  .  •  .  •  • 
there  were  not  then  the  many  opportunities  to  enter  electrical 
pursuits  that  there  are  today.*'  In  this  I  was  endeavoring  to  call 
attention  to  the  fact  that  two  or  three  decades  ago  the  elec- 
trical field  was  very  much  limited  as  compared  with  the  con- 
ditions of  today  for  the  man  who  desired  to  take  up  electrical 
work,  and  that  the  studying  and  taking  up  of  telegraphy  was 
one  of  the  few  oi)portunities  in  this  line  of  work,  instead  of  one 
of  many  as  is  the  case  today.  The  result  of  this  condition  was 
that  a  great  many  high-grade  men  entered  the  telegraph  field, 
and  as  stated  by  Mr.  McNicol,  ''twenty  years  ago  the  heads 
of  most  electrical  enter])rises  of  any  im])ortance  were  ex-teleg- 
raphers." Also,  a  considerable  number  of  these  men  who 
started  telegraphing  in  the  early  days  rose  to  important  posi- 
tions in  connection  with  the  diflerent  railroad  com[)anies  in 
this  country.  I  agree  entirely  with  the  statement  that  under 
present  conditions  it  is  difficult  for  a  telegrapher  to  change  to 
another  line  of  work.  However,  this  does  not  change  the 
condition  that  formerly  the  telegrapher  on  the  railroads  was  a 
higher  grade  man  than  at  present,  and,  even  if  he  did  leave  the 
railroad,  the  railroad  had  the  benefit  of  his  services  while  he 
continued  on  the  system. 

The  statement  is  made  that  (.])orators  can  send  without 
hardship  seventy  messages  per  hour.  This  may  be  true  in 
commercial  offices  in  connection  with  bonus  wires  and  where 
the  messages  are  short,  as  compared  with  those  handled  on  a 
railroad.  In  our  offices  an  average  of  thirty  messages  per  hour' 
is  a  high  one.  This  is  on  the  basis  of  handling  the  messages 
as  they  are  offenKl  and  includes  forms,  which  constitute  a  con- 
siderable percentage  of  railroad  work.  Considering  now  the 
matter  of  telephone  message  circuits,  I  have  watched  the  opera- 
tion of  several  of  these  circuits  and  I  have  yet  to  find  a  case 
where  the  number  of  messages  handled  was  not  ]>ractically 
double  the  number  handled  on  tl^e  same  divisicm  or  secli';a  of 
line  that  was  formerly  handled  by  telegraph.  This  statement 
applies  almost  exclusively  to  local  or  way  circuits  on  railroad 
divisions,  and  it  is  only  fair  to  say  that  the  ability  to  call  in 
promptly  the  different  way  offices  along  the  line  is  a  very  im- 
portant factor  in  favor  of  the  telephone. 

The  saving  of  time  in  the  transmitting  of  train   orders   by 
telephone,  as  comj)arcd  with  the  telegraph,  is  not  in  the  sending 
but  in  the  repeating  back  of  the  orders.     The  same   order   is 
*See  pagt*  .'V2S  of  this  volunu' 
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often  given  to  five  or  six  operators  at  the  same  time.  Now,  it 
is  necessary  to  have  the  order  repeated  back  by  each  operator 
receiving  it.  When  this  is  done  by  ipeans  of  the  telegraph,  the 
order  cannot  be  repeated  back  by  the  operators  any  faster  than 
they  can  send  over  the  telegraph  wire.  On  the  other  hand, 
the  operators  on  a  telephone  circuit  can  repeat  the  order  back 
as  fast  as  they  can  read  it  and  the  dispatcher  can  underline  the 
words  in  his  order  book.  Further,  in  connection  with  the  speed 
of  receiving  messages  over  the  telephone,  I  desire  to  say  that 
messages  can  be  received  by  telephone  on  a  typewriter  by  an 
expert  typist  much  faster  than  can  be  done  by  the  telegraph 
unless  code  is  used,  which  would  not  be  practicable  in  connec- 
tion with  an  average  railroad  office. 

In  reference  to  the  condition  under  which  telegraph  circuits 
are  more  susceptible  to  disturbances  than  telephone  circuits, 
I  had  in  mind  grounded  telegraph  and  metallic  telephone  cir- 
cuits. I  appreciate  that  if  metallic  telegraph  circuits  were  used 
some  of  the  statements  made  in  my  paper  in  comparing  the 
telegraph  and  the  telephone  would  not  hold  true. 

The  disadvantage  in  the  use  of  the  telephone  mentioned  by 
Mr.  McNicol,  of  the  operator  being  obliged  to  remain  at  his 
desk  with  the  receiver  at  his  ear  in  order  to  be  informed  as  to 
what  is  taking  place  on  the  circuit,  is  really  negligible  and  is  not 
considered  by  the  railroads,  except  in  a  few  special  cases.  It 
is  very  easy  for  the  operator  to  cut  in  on  the  dispatcher's  circuit 
and  ask  the  dispatcher  any  question  desired.  In  many  cases 
the  operator  can,  by  using  judgment,  ask  questions  and  obtain 
answers  when  the  dispatcher  is  talking  to  another  operator  on 
the  line,  and  not  cause  any  perceptible  interruption  to  the 
operation  of  the  circuit.  Also,  in  practise  the  operator  really 
has  more  freedom  when  the  telephone  is  used  than  is  the  case 
with  the  telegraph,  for  in  connection  with  the  former  he  does 
not  have  to  be  listening  for  his  call  on  the  wire  and  can  work 
outside  of  his  office,  or  at  any  point  in  the  station,  as  long  as  he 
is  within  hearing  distance  of  the  telephone  bell. 

There  is  no  question  that  the  reduction  in  the  cost  of  the 
handling  of  telegraph  messages  by  half  a  cent  per  message 
would  be  a  very  ])rofital)lc  matter  to  consider  by  any  railroad 
company.  However,  I  desire  to  call  attention  to  the  fact  that 
on  a  railroad  there  is  not  the  same  opportunity  for  cutting  down 
the  cost  per  message  that  is  possible  in  connection  with  a  com- 
mercial telegraph  company,  for  the  reason  that  railroad  mes- 
sages are  handled  in  many  cases  by  operators  and  agents  who 
have  a  great  many  other  duties  to  perform,  telegraphing  being 
merely  incidental  to  other  work.  There  are  only  a  few  offices 
handling  enough  messages  and  having  enough  operators  so 
that  economies  can  be  effected  in  handling  the  business.  The 
five  million  messages  per  annum  to  which  I  referred  in  rny 
paper  were  handled  by  some  1250  operators. 
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SIXTY-CYCLE  SYNCHRONOUS  CONVERTERS 


BY  L.  P.  CRECELIUS 


Abstract  of  Paper 

The  paper  describes  some  60-cycle,  six-phase,  600-volt,  syn- 
chronous converters  used  in  railway  substations  in  the  suburbs 
of  Cleveland.  The  advantages  of  the  use  of  60-cycle  apparatus 
include  standardization  of  frequency,  low  cost  and  high  efficiency. 
The  converters  are  of  the  commutating  pole  type  and  a  number 
of  special  features  of  their  design  are  described.  The  improve- 
ment of  commutation  due  to  commutating  poles  makes  it  pos- 
sible to  use  fewer  poles  and  higher  armature  speed,  but  this  has 
the  objection  of  increasing  the  noise,  which  would  have  been  ob- 
jectionable in  neighborhoods  where  these  machines  were  used. 
To  overcome  the  noise  the  armature  ends  were  sealed  up  and  a 
shield  provided  behind  the  front  leads,  thereby  cutting  down  the 
ventilation  to  a  considerable  extent.  The  field  windings  were 
compounded  in  order  to  hold  the  d-c.  voltage  constant,  and  in 
order  to  maintain  the  power  factor  of  the  supply  circuit  at  unity 
the  converters  were  over-excited  to  produce  a  leading  wattless 
current  sufficient  to  overcome  the  reactance  drop.  In  order  to 
overcome  the  heating  effect  due  to  restricted  ventilation  and  over- 
excitation the  value  of  3500  amperes  per  square  inch  of  armature 
conductor  based  upon  d-c.  output  at  rating  was  adopted.  To 
permit  of  a-c.  starting  the  copper  dampers  are  interconnected 
between  the  poles  to  produce  a  squirrel  cage  connection  all  around 
the  field  structure.  Extracts  from  the  specifications  under  which 
these  machines  were  built  are  appended,  as  well  as  extracts  from 
the  contract  under  which  the  power  supplied  to  the  substations 
is  purchased. 

ONE  yearns  experience  with  the  successful  operation  of  15,000 
kw.  of  60-cyclc,  six-phase,  600-volt  d-c.  synchronous  con- 
verter substation  equipment,  establishes  a  precedent  for  the  use  of 
60-cycle  current  for  purely  railway  use  upon  such  a  scale.  This 
equipment  is  installed  in  four  substations  located  in  the  suburbs 
of   Cleveland. 

The  fact  that  only  such  apparatus  that  could  be  depended 
upon  without  question  could  be  employed  to  supply  efficiently 
the  d-c.  power  for  the  railway,  required,  in  the  absence  of  stand- 
ard practise  in  the  use  of  60-cycle  converters  for  this  purpose, 
a  very  critical  and  careful  consideration  on  the  part  of  the  pur- 
chaser, of  the  essential  details  of  design. 

Extracts  from  the  specifications  under  which  the  equipment 
was  manufactured  are  appended,  also  extracts  from  the  contract 
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under  which  the  power  supply  to  the  substations  is  purchased. 
These  contracts  are  correlated  in  that  the  former  determined  the 
design  of  the  apparatus  best  suited  to  take  full  advantage  of 
the  power  company's  60-cycle  service  offered  for  sale  at  cost 
imder  certain  conditions.  Both  contracts  therefore  contain  some 
unusual  provisions,  a  few  of  the  more  important  of  which  will 
be  briefly  alluded  to  in  the  following  pages. 

Synchronous  Converters 

The  introduction  of  the  commutating  pole  has  been  extremely 
beneficial  to  commutating  apparatus,  especially  in  the  case 
of  converters.  Affording  the  means  of  increasing  materially 
the  output  per  pole,  it  has  caused  a  corresponding  reduction 
of  the  niunber  of  poles  per  machine,  thus  providing  a  marked  im- 
provement in  the  mechanical  design  of  the  60-cycle  converter. 
More  latitude  in  the  width  of  pole  face  and  spacing  of  brushes 
has  been  secured,  thereby  working  towards  the  mitigation  of  the 
disastrous  consequences  of  flash-overs. 

The  commutating  pole,  by  reason  of  its  rectifying  influence 
upon  the  armature  conductors  at  the  instant  of  commutation, 
has  also  been  the  means  whereby,  at  the  same  time,  good  com- 
mutation is  secured  at  the  higher  speed  resulting  from  the  use 
of  fewer  poles.  This  increase  in  speed,  however,  has  one  serious 
objection  from  an  operating  standpoint,  viz.,  noise.  In  addition 
to  such  noises  (  current  and  magnetic)  as  are  inherent  in  all 
machines  irrespective  of  speed,  and  are  not  especially  objection- 
able, there  must  be  included  windage  and  brush  chatter,  which 
increase  at  a  tremendous  rate  with  speed.  The  operation  of 
several  machines,  such  as  those  under  discussion,  in  one  station, 
without  compensating  for  this,  is  simply  out  of  the  question,  as 
the  sounding  of  alarms  and  ringing  of  telltale  bells  cannot  be 
heard.  Besides  having  a  detrimental  effect  upon  the  nervous 
system  of  the  operators,  the  noise  would  soon  be  declared  a  public 
nuisance  in  the  neighborhood.  By  far  the  most  objectionable 
portion  of  the  noise  is  due  to  high-pitched  windage  tones,  and 
these  have  been  practically  eliminated  by  scaling  up  both  ends 
of  the  armature  and  providing  a  shield  behind  the  front  leads. 
Cutting  down  on  ventilation  to  this  extent  requires  that  careful 
consideration  to  be  given  to  the  size  of  the  armature  conductors. 

Another  important  point  affecting  the  temperature  of  the 
annature  winding  is  the  rapid  temperature  rise  of  the  conductors 
lying  close  to  the  collector  ring  taps,  which  is  out  of  all  propor- 


1914] 


CRECELIUS:  ^(S- CYCLE  CONVERTERS 


355 


tion  to  that  of  the  balance  of  the  winding  when  operating  con- 
verters at  less  than  unity  power  factor.  This  heating  is  not  uni- 
formly distributed  on  either  side  of  the  tap,  but  shifts  from  one 
side  at  leading  power  factor  to  the  other  side  with  lagging  power 
factor. 

It  is  highly  desirable  in  railway  work  to  hold  fairly  constant 
d-c.  voltage  on  converters  and  the  simplest  way  to  do  this  is 
to  compound  the  field  winding.  This  has  several  other  inciden- 
tal advantages,  one  of  which  is  to  lock  the  converters  together 
through  an  equalizer  switch  which  holds  them  in  parallel  on  short 
circuits,  which  are  frequent  upon  railway  systems.  The  amount 
of  compounding  desired  varies  with  the  extent  and  character 
of  load  fluctuations,  line  drop,  etc.,  but  whatever  the  amount 
it  must  be  offset  with  reactance  in  the  supply  circuit,  and  in 
order  to  prevent  its  disturbing  influence  upon  the  regulation 
of  the  system  it  must  be  located  at  the  receiving  end  of  the  line. 

In  this  case  it  has  been  given  a 
low  value  because  of  the  com- 
paratively steady  load  and  low 
resistance  of  the  circuit. 

To  maintain  the  power  factor 
of  the  supply  circuit  at  unity,  as 
required  by  the  contract  [sec- 
tion 9,  paragraphs  (c)  and  (d)], 
calls  for  over-excitation  of  the  converters  to  produce  a  leading 
wattless  current  sufficient  to  overcome  the  reactance  drop. 
The  effect  of  this  is  to  produce  heating  in  the  armature  conductors 
above  that  caused  by  the  load.  When  overloading  occurs  this 
becomes  serious,  as  may  be  illustrated  as  follows: 

In  Fig.  1  the  relations  between  kilovolt-amperes  and  kilowatts 
and  wattless  component  are  represented  graphically  and  given 
the  values  at  which  the  converters  are  operated  at  rating. 
Theoretically  the  ratios  between  the  heating  of  the  winding  of 
a  six-phase  converter  operated  as  a  converter  at  unity  power 
factor  and  running  as  a  generator  mechanically  driven  are: 

Average  value  of  all  coils 0. 27    to  1 

Coils  tapped  to  slip  rings 0.418  to  1 

but  when  the  converters  are  operated  at  0.975  power  factor  as 
shown  in  the  diagram  the  heating  ratios  become: 

Average  value  of  all  coils 0. 313  to  1 

Coils  tapped  to  slip  rings 0. 656  to  1 
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tors  were  paralleled  with  the  turbines  and  the  operation  of  the 
converters  carefully  observed.  Instantly  a  wild  hunting  is  set  up, 
the  pulsations  of  which  agree  in  frequency  with  the  speed  of  the 
engines,  viz.,  100  rev.  per  min.,  accompanied  by  violent  sparking 
at  the  brushes  at  very  light  loads,  and  flash-over  takes  place  at 
about  full  load.  Thus  at  any  stage  the  operation  is  absolutely 
unsatisfactory.  Upon  the  same  generators  may  be  operated, 
without  much  trouble  in  this  respect,  other  synchronous  appara- 
tus, including  low-voltage  converters  without  commutating  poles, 
although  the  pulsations  from  the  engines  are  distinctly  notice- 
able at  these  machines.  It  is  not  at  all  unlikely  that  the  heavy 
resulting  armature  reaction  at  times  of  hunting  reverses  the  po- 
larity of  the  commutating  pole,  thus  becoming  the  means  of 
exaggerating  very  much  the  tendency  to  flash-over. 

In  this  connection  it  is  interesting  to  note  the  agreement  be- 
tween the  natural  or  characteristic  period  of  oscillation  of  the 
converters  and  the  pulsations  of  the  supply  circuit.  This  may 
be  determined  by  Kapp*s  formula*  as  follows: 


N  =  24,400  X 


\/.    ^x^ 


Wr^XSX  d 


in  which 

A^       =  natural  period  in  swings  per  minute 

5  =  revolutions  per  minute 
P       =  rated  output  in  kw. 

Wfi  =  weight  in  pounds  of  rotating  element  times  (radius  of 

gyration) 2  in  feet. 
p        =  number  of  poles. 

6  =  the  angle  in  degrees  whose  sine  is  full-load  a-c.  current 

divided  by  a-c.  short-circuit  current. 

Substituting  values  in  this  equation  we  have  N  =  90,  which 

serves  to  explain  that  the  characteristics  of  the  machines  are 

such  as  to  make  them  inherently  sensitive  to  pulsations  ranging 

from  90/1.4  to  90/0.7  per  minute.     The  engine  speed  noted 

above    lies    within    these    values.     But    notwithstanding    this 

close  agreement  the  fact  is,  that  commutating  poles  undoubtedly 

work  against  conv^erters  operating  on  a-c.  circuits  subjected  to 

pulsations  or  frequent  and  periodic  disturbances,  and  bar  from 

consideration  the  use  of  reciprocating  units  at  customary  speeds 

•Modified  formula  by  Kapp  published  in  EUctroteckniscke  Zeitschrift, 
1899. 
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in  connection  with  600-volt,  60-cycle  converters,  for  this  pole 
is  necessary,  as  pointed  out  above,  for  mechanical  reasons. 

Efficiency 

Because  of  reduced  ventilation  and  the  liberal  use  of  copper 
and  iron  in  the  electrical  and  magnetic  circuits,  the  efficiency  of 
the  converters  is  very  high;  being, 

at           60  per  cent  fxill  load 91 . 8  per  cent 

76  •     •        "  " 94.0  *  " 

100  •     •        •  • 96.0  •  " 

126  «     *        •  « 95.5  **  ** 

160  •     «        «  " 95.8  "  " 

200  "     «        "  • 95.0  **  " 

Best  efficiency  at  194  per  cent  full  load. 

These  values  are  test  results  and  include  all  losses.  Sixty-cycle 
transformers  are  also  very  efficient,  and  in  consequence  the  over- 
all conversion  loss  is  low.  For  a  period  of  one  month  the  sub- 
station efficiency  is  as  follows : 

A-c.  input  to  substations 3,986,880  kw-hr. 

D-c.  output  at  converters  terminals. .   3,667,930  "     " 

„     .         3,667,930     ^^ 

Ratio  =  =  92  per  cent 

3.986.880  ^ 

This  experience  in  the  use  of  60-cycle,  600-volt  synchronous  con- 
verters in  railway  work  may  be  summed  up  as  follows: 

1.  Pulsations  in  a-c.  supply  circuit  must  be  entirely  eliminated. 

2.  The  design  must  include,  in  addition  to  the  commutating 
pole,  liberal  proportions  of  iron  and  copper,  notwithstanding  the 
high  speed. 

3.  Field  dampers  must  be  very  low  in  resistance  and  bridged 
to  permit  of  a-c.  starting. 

The  advantages  accompanying  the  use  of  60-cycle  apparatus  are 
apparent  to  all  and  include,  briefly,  standardization  of  frequency, 
low  cost  and  high  efficiency. 

APPENDIX  I. 

Extracts  from  agreement  between  The  Cleveland  Electric 
Illimiinating  Company  and  The  Cleveland  Railway  Company, 
March  29,  1912. 

For  the  purpose  of  this  paper  it  is  only  necessary  to  call  atten- 
tion to  paragraphs  (c)  and  (d)  of  section  nine,  relating  to  power 
factor.     This  provision  imposes  a  limitation  upon  the  design  of 


1914]  CRECELIUS:  60-CKCLE  CONVERTERS  369 

a  compound-wound  synchronous  converter  of  considerable  im- 
portance in  affecting  heating  in  the  armature  winding,  and 
consequently  the  capacity  under  which  standard  converters  are 
customarily  rated  would  be  much  impaired  when  operated  so  as 
to  maintain  100  per  cent  power  factor  at  the  primary  terminals 
of  the  transformers. 

Section  Nine 

Paragraph  (c) — The  Railway  Company  guarantees  that  the 
mohthly  average  power  factor  at  each  of  the  Power  Company's 
supply  stations  shall  be  maintained  at  not  less  than  90  per  cent 
and  it  is  mutually  agreed  that  if  the  monthly  average  power  fac- 
tor at  any  supply  station  differs  from  90  per  cent  in  any  month, 
then  the  demand  for  that  month  shall  be  corrected  and  de- 
tennined  in  accordance  with  the  following  formula: 

Kilowatt  demand  is  measured,  divided  by  average  power 
factor  of  load,  and  multiplied  by  guaranteed  power  factor  of 
load :  And  that  the  demand  on  each  station  shall  be  increased  or 
reduced  accordingly,  before  computing  the  aggregate  demand. 

Paragraph  (d) — The  average  monthly  power  factor  shall  be 
determined  from  the  ratio  of  the  sums  and  differences  of  the 
groups  of  single-phase  watt-hour  meters  installed  on  each  supply 

W'  —  W 

circuit,  in  accordance    with   the  formula,    yr/fiTTr^  X  1 .732  =» 

tangent  of  average  monthly  angle  of  lag,  from  which  both  the 
angle  of  lag  and  its  cosine,  which  is  the  power  factor,  will  be 
determined. 

APPENDIX  II. 

Extracts   from   Specifications   of   Substation   Equipment 

General   hufornia  Hon . 

The  substations  (in  which  the  equipment  specified  below 
is  to  be  installed)  will  be  located  in  residential  districts  of  the 
city  of  Cleveland  and  neighboring  suburbs,  as  follows: 

Capacity  of  Substations. 

1.  Windermere  Substation,  three  1500-kw.  units  as  speci- 
fied hereinafter. 

2.  Harvard  Ave.  Substation,  three  1500-kw.  units  as  speci- 
fied hereinafter. 

3.  West  117th  St.  Substation,  three  1500-kw.  units  as  speci- 
fied hereinafter. 
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4.  West  25th  St.  Substation,  two    1000-kw.  units    as    speci- 
fied hereinafter. 
Equipment: 

The  contractor  shall  furnish,  deliver  and  erect  complete  in 
every  respect  on  the  purchaser's  foundations  and  ready  for  use 
when  connected  to  the  purchaser's  switching  devices,  cables  and 
connections: 

Nine  1500-kw.,  514-rev.  per  min.,  six-phase,  14-pole,  600-volt 
d-c.compound-wound,60-cycle, synchronous  converters,  equipped 
with  commutating  poles,  mounted  on  self-contained  bed  plates, 
including  the  necessary  single-phase,  air-blast  type  static  trans- 
formers,  all  in  accordance  vnth  the  following  specifications. 

Two  1000-kw.,  600-rev.  per  min.,  six-phase,  12-pole,  600-volt 
d-c.  compound- wound,  60-cycle,S5rnchronous  converters  equipped 
with  commutating  poles,  mounted  on  self-contained  bed  plates, 
including  the  necessary  single-phase  air-blast  transformers,  all 
to  be  in  accordance  with  the  following  specifications. 
Armatures: 

The  ventilating  ducts,  and  the  general  construction  of  the 
spider  and  fixtures,  shall  be  designed  with  the  object  in  view 
of  minimizing  all  unnecessary  noise  such  as  vibrations,  humming 
and  high-pitched  windage  tones.  The  converter  station  in  every 
case  will  be  located  in  an  important  residential  section  of  the  city 
where  all  such  noise  must  be  avoided. 

The  grouping  of  armature  coils  per  slot  in  the  armature  wind- 
ing shall  consist  of  such  an  arrangement  that  the  average  voltage 
between  adjacent  commutator  bars  shall  in  no  case  be  less  than 
13.3  volts,  nor  more  than  14.3  volts. 

Equalizer  taps  shall  be  brought  out  from  the  end  of  at  least 
every  other  armature  coil  and  interconnected  with  all  other 
coils  of  the  same  potential,  to  provide  a  thorough  balance 
throughout  the  armature. 

The  commutators  must  have  the  mica  slotted  or  grooved  out 
to  a  depth  well  below  the  surface  of  the  commutator  bars. 

The  d-c.  brushes  of  all  converters  must  be  equipped  with  a 
suitable  brush-raising  device  to  permit  of  lifting  the  brushes 
from  the  commutator  while  starting  the  converters  from  J-| 
full-voltage  connections,  to  be  provided  in  the  secondary  circuit 
of  the  transformers. 
Field  Dampers: 

Only  the  main  field  poles  shall  be  provided  with  heavy  copper 
field  dampers,  properly  arranged  to  provide  full  damping  effect 
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to  the  main  fields  without  disturbing  in  the  least  the  sensitive- 
ness of  the  commutating  pole,  in  order  to  provide  for  the  best 
possible  operating  characteristics. 

Collector  Rings: 

Because  of  the  high  speed,  the  collector  rings  shall  be  equipped 
with  composition  copper  brushes  and  suitable  pig-tail  con- 
nections, instead  of  the  laminated  type  of  collector  ring  brush 
ordinarily  used  in  the  past. 

Current  and  Flux  Densities  in  Armatures: 

The  current  density  in  the  conductors  comprising  the  armature 
winding  must  not  exceed  an  average  of  3500  amperes  per  square 
inch,  based  upon  d-c.  output  at  rating,  t.f.,  considered  as  d-c. 
generator. 

The  flux  density  in  the  teeth  of  the  armature  core  shall  not 
exceed  130,000  lines  per  square  inch,  and  the  density  in  the 
core  shall  not  exceed  65,000  lines  per  square  inch,  based  upon 
d-c.  output  at  rating. 

The  current  density  per  square  inch  of  brush  surface  must  not 
exceed  42.5  amperes  at  rating. 

D'C.   Voltage  Regulation: 

All  the  converters  herein  specified  shall  be  compound-wound 
with  sufficient  scries  field  effect  to  produce  only  approximately 
constant  600- volt  direct-current  voltage.  The  reactance  to  be 
provided  in  the  transformer  shall  be  approximately  8  per  cent 
in  order  to  provide  for  a  total  reactance  of  12.5  per  cent,  in- 
cluding converter,  transformer  and  leads. 

Performance: 

After  a  run  of  12  hours  at  full  load  at  600  volts,  d-c,  the  tem- 
perature rise  of  the  different  parts  of  the  converter  shall  not 
exceed  the  following: 

Armature  35  deg.  cent,  rise  by  thermometer. 

Fields  35     "         "        "     "  " 

Commutator  and 

collector    rings  35     "         "        "     "  " 

With  the  load  then  increased  to  50  per  cent  overload  (150  per 
cent  rating)  at  GOO  volts  d-c.  for  two  hours,  the  temperature 
rise  of  the  different  parts  of  the  converter  shall  not  exceed  the 
following : 

Armature  55  dcg.  cent,  rise  by  thermometer. 

Commutator  and 

collector  rings  55     "         «        «     «  « 


3G2  CRECELIV5:  W-CYCLE  COXrERTESLS        I  March  23 

The  above  shall  be  based  .ipon  a  -pover  i^czar  r^n^isg  from 
HOC  less  than  O.S*  l«yi:r.g  cr  la^i^in^  ^^  l.TO.  ar>i  ki  25  deg. 


I.  for  the  ter:::oerat":ire  ::  ih*  s^nr*:^:: 


ooodhkjms  of  ventilatior:.  In  the  eveni  :;:  the  temperature  d 
the  snrroaxidiri^  air  dinerin^  from  25  ia^  cent  the  zbserved 
rise  in  temperattire  will  he  vM-rrectei  by  \  rer  cent  c-z  each  de- 
gree cent,  that  the  temperature  cf  the  stirr^tm-cin^  air  diners 
from  25  de^.  cent. 

Imsmlation  Test. 

A  test  to  determine  the  valiae  of  the  insnlati-in  irill  be  made 
after  the  converters  have  been  erected  hy  the  :>:ntrajtor  on  the 
premises  of  the  purchaser,  as  fc-Uows: 

The  insolation  between  ozre  ^r.i  ^rm-itnre  c-infuctors  most 
withstand  successful! v,  a  test  of  2uOi)  v:Its  at  60  cvcies,  foe 
60  seconds.  The  insulation  between  the  frime  c:  the  converter 
and  the  shunt  £eld  circuit  must  withstand  suocers^ully  a  test 
of  5000  volts  at  60  cycles  for  60  >eo:nis. 

Efficieiuy: 

The  efficiencv  of  b«:^th  the  1000-kw.  and  1500-kw.  con^^erters 
shall  be  as  follows: 


150  per  cent  rA  rat:-^  50  per  z^tni  iC«:ve  z^  '.:^  i  ^.7  per  ^^ 

125     ****  25**         *         *'  !^.0  per  cen; 

100     *        *      *        *  fnlll.ii        >4  5p^rcen: 

75     *        ^     *       *  25  r^r  ;r-:  :t<5  :hin    f^ii:  :  .li  -^  0  rer  ceni 

50*       **       *  50**         •       ""         **  9»>5cer  cen: 

In  testing' : :r  em 'Arsnzy  al!  1 : 55c<  inclu t:r.^  :h :<<:  :n  :he  brushes 
m  com.mt:tat:r  ant  :•  :..e:::r  nr.<  -r-...  re  :aj:en  mto  account. 
Flcsh'<K€r  Tfs:: 

.r<i/i .  wn.  »-r:  =■->.  TV -c^  .'-■  ...c  -'-■^.■-^v:,.i^  .v>.  ..  -.^cc — me  ^neir 
free^iom.  :r:m  the  ten  irnjy  to  na<h  :vct  S:j.r.:::j-  a:  n:  load, 
100  'jnz  cent  iverija^i    t-^D  times  ra::r.^    v.^111  ':<  :hr:-:;vn  on  in- 

•  •  •  •  •        • 

s^an..*   ^_.  ..-rrct-*^  -•«  ^  rj.vra^r  w'«i..tr._-   ^xH' v  v.-, .. .  t-rter  muit 

witr-£tand  tms  test  sat:s:actvr.^y  7\~i:n.^nt  ::ur.::r,^-,  .instructive 
s^arkin*:.  or  nash-over.  Like-i^-ise.  l-ecinr.in^-  '.v::r.  1«X>  per 
cent  overload  two  tintes  rating  the  d-o  ctirren:  Vreaker  \i-ill 
be  tripped  and  the  Ir^ad  instantly  rrrr:  vc!  Vr.icr  this  cir- 
cumstance the  same  lerformance  '.\-ith  resv"^^'  *  hunting  and 
commutation    as    above,    -is-ill    t^e    re  quire  i 

Finings  and  Supplies: 

Each  and  ever.*   s\-nchroaous  converter  shall   Ic   taui-joed 
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One  end-play  device   (oscillator),   d-c.   end  converter. 

One  speed-limiting  device,  a-c.  end  converter. 

One  equalizer  switch  mounted  on  panel  fastened  to  converter 
frame. 

One  suitable  shunt  field  break-up  switch  fastened  to  converter 
frame. 

One  suitable  inductive  shunt  for  commutating-pole  field 
circuit. 

One  suitable  non-itiductive  adjustable  shunt  for  commutating- 
pole  field  circuit. 

All  necessary  leads  from  brush  terminals  to  equalizer  switch , 
and  to  suitable  terminal  block,  must  be  provided,  including 
attachments   for   connecting   in   shunts   and   field   terminals. 

The  collector  ring  brush  collars  and  all  studs  on  switches 
and  terminal  blocks,  shall  be  equipped  with  terminals. 

One  shunt  field  rheostat  box  with  terminal  dial. 

All  the  supplies  and  fittings  supplied  with  each  converter 
must  be  approved  by  the  purchaser's  engineer. 
Transformers: 

The  contract  or  shall  furnish,  deliver  and  erect  complete  in 
every  respect  on  the  purchaser's  foundations,  and  ready  for  use 
when  connected  to  the  purchaser's  switching  devices,  cables 
and  appliances,  seven  single-phase,  air-blast  shell-type,  60- 
cycle,    11,000-volt   primary    voltage,    365-kv-a.    transformers. 

The  contractor  shall  furnish,  deliver  and  erect  complete  in 
every  respect  on  the  purchaser's  foundations  and  ready  for  use 
when  connected  to  the  purchaser's  switches,  cables  and  ap- 
pliances, 28  o50-kv-a.,  shell-type,  air-blast,  single-phase, 
60-cycle  transformers,  11,000-volt  primary  winding. 

The  primary  circuit  of  all  transformers  shall  be  arranged 
for  delta  connection  and  each  provided  with  four  2.5  voltage 
taps.  The  secondary  circuits  of  the  transformers  shall  be 
suitable  for  diametral  six-phase  connections  for  the  conver- 
ters, and  each  transformer  secondary  circuit  must  be  provided 
with  J  and  |  voltage  taps  for  starting  the  converter. 

The  outside  connections  of  the  primary  circuits  must  be  ex- 
tended by  means  of  suitable  leads  to  terminals  in  the  bottom 
of  the  transformer  case.  All  secondary  taps  shalU  end  in 
terminals  brought  to  the  bottom  of  each  transformer,  the  whole 
to  make  a  neat  and  substantial  arrangement  for  bottom  con- 
nections. 

One  transformer  of  each  size  will  be  used  as  a  spare  unit 
and  provision  for  its  reception  will  be  made  in  the  substations. 
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Efficiency  and   Temperature: 

The  efficiency  and  temperature  of  the  transformers  shall  be 
in  accordance  ^-ith  the  best  modem  practise  in  respect  to  the 
type  offered. 

Secondary  Voltage: 

The  voltage  of  the  secondary  circuit  must  be  suitable  for  the 
converters  hereinbefore  described,  as  follows:  When  these 
transformers  are  connected  in  delta  relation  by  means  of  the 
outside  primary  terminals  and  connected  across  an  11, 000- volt, 
three-phase  line,  the  converter  d-c.  voltaj;e  shall  be  575  volts 
with  normal  shunt  field  excitation. 

Insulation  Test: 

The  insulation  between  primary  and  secondary  winding  and 
the  frames  and  cores  of  transformers  will  be  required  to  with- 
stand successfully  a  test  of  the  following  voltages,  after  erec- 
tion: 

Primary  Windings  Secondary  Windings. 

22,000  volts,  60  cycles  2000  volts,  60  cycles 

for  60  seconds.  for  60  seconds. 

Capacity: 

At  the  capacity  specified  hereinabove,  and  with  the  proper 
amount  of  ventilation  (  which  ventilation  must  be  specified 
by  the*  contractor)  the  transformers  must  have  sufficient 
capacity  to  meet  the  overload  requirements  of  the  converters 
without  excessive  or  destructive  heating. 

Reactance: 

Approximately  8  per  cent  tA  inherent  reactance  shall  be  pro- 
vided in  the  transformers  for  the  puri)ose  of  interposing  not 
over  a  total  amount  of  12.5  per  cent  of  reactance  in  the  cir- 
cuit, including  the  transformer,  leads  and  converter. 

Blowers: 

The  contractor  shall  ftirnish,  deliver  and  erect  on  the  found- 
ations in  the  substations: 

Six  three-];hase  induction  motor-driven,  directly  coupled, 
steel  plate  blower  sets,  of  the  following  capacity:  15,000  cu. 
ft.  of  air  at  one  ounce  ])ressure. 

Two  three-phase  induction  motor-driven  sets  same  as  above, 
with  a  capacity  of  8000  cu.   ft.  of  air  at  one  ounce  pressure. 

Two  blower  sets  to  be  installed  in  each  substation;  the  smaller 
units  to  be  supplied  for  the  West  25th  St.  substation. 

With  each  blower  set  the  contractor  shall  supply  an  auto- 
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starter,  and  the  voltage  of  the  induction  motors  shall  corres- 
pond to  the  voltage  of  the  secondary  circuit  of  the  main  trans- 
formers to  which  they  will  be  connected  by  the  purchaser. 

General: 

Great  care  must  be  exercised  in  the  designing  of  the  equip- 
ment hereinbefore  specified,  to  guard  against  undue  noise.  As 
stated  above,  it  is  anticipated  that  trouble  will  result  from  the 
operation  of  unnecessarily  noisy  equipment  in  the  substations, 
which  by  necessity  must  be  located  in  the  suburbs  of  the  city 
of  Cleveland. 

(The  balance  of  the  specifications  covering  foundations, 
painting  and  finishing,  patents,  guarantees,  etc.,  follows  along 
usual  lines.) 


FrestmUd  at  tkt    293d    hitting    of    tkt    Anuf 
ican    InsHtutg    of    Electrical   Engineers,  PittS' 
burgh.   Pa.,    April    9,    1914.    under    the    aus- 
pices €(f  the  Committee  on  Use  of  Electricity  in 
Mines. 

Copyright    1914.     By    A.    I.    E.    E. 


MINE  DUTY  CONTROLLERS 


BY  HARRISON    P.     REED 


Abstract  of  Paper 


The  paper  is  devoted  to  discussion  of  the  advisable  tvpes 
of  control  to  be  used  for  various  mining^  equipment,  particularly 
in  bituminous  coal  mines.  Complexity  and  theoretical  de- 
tails have  been  eliminated  as  far  as  practicable  with  the  idea 
of  impressing  on  the  reader  the  need  for  certain  definite  features, 
without  going  into  the  theoretical  details  of  these  features. 

Electric  controllers  for  equipment  outside  of  the  mine  proper 
as  a  rule  have  to  meet  different  operating  conditions  than  those 
controllers  which  are  installed  underground.  The  operating 
conditions  are  taken  up  in  detail  and  proper  control  equipment 
is  suggested  to  meet  these  conditions. 

The  object  of  the  paper  is  to  bring  out  clearly  to  the  mine 
operatives  the  fact  that  suitable  control  equipment  is  just  as 
important  as  the  installation  of  a  suitable  motor,  and  moreover 
that  no  motor,  however  well  adapted  to  the  service,  will  stand  up 

Croperly  if  it  is  not  operated  with  a  controller  designed  and 
uilt  specifically  to  meet  the  existing  installation  and  operating 
conditions. 


THE  application  of  the  electric  motor  to  bituminous  coal 
mines  has  developed  so  rapidly  that  there  is  no  section  of 
the  industry  in  which  the  motor  has  not  been  installed.  Not 
only  is  the  application  universal,  but  the  use  of  electricity  in  coal 
mines  is  steadily  increasing,  principally  due  to  the  increased  cost 
of  producing  steam  at  the  collieries. 

The  design  of  satisfactory  motor  and  control  equipment  for  coal 
mines  is  a  considerable  problem,  because  of  the  severe  operating 
conditions  encountered.  The  class  of  attendants  usually  em- 
ployed by  the  mines  to  maintain  electric  motors  and  their  acces- 
sories, is  unskilled,  principally  because  of  the  location  of  the  mines 
and  the  conditions  of  work.  Many  changes  in  help  take  place 
for  the  same  reasons,  and  it  is,  therefore,  difficult  to  train  the 
attendants  and  make  experts  of  them.  These  conditions  make 
it  essential  that  rugged  and  reliable  electrical  equipment  be 
installed. 

As  the  use  of  electricity  in  the  mines  has  increased,  the  electric 
motor  for  operating  mining  machinery  has  been  developed  much 
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more  rapidly  than  suitable  controlling  devices.  Only  within  the 
past  few  years  have  those  concerned  realized  that  the  selection 
of  a  proj^er  controller  is  as  important  as  the  selection  of  a  suitable 
motor.  Too  often  is  the  controller  given  secondary  consider- 
ation with  the  result  that  a  good  motor  may  appear  to  disadvan- 
tage, simply  because  it  is  not  operated  with  the  right  control 
equipment. 

At  coal  mines,  motors  are  used  for  haulage,  hoisting,  venti- 
lating, pumping,  coal-cutting,  tipple  or  breaker  power,  drilling, 
washing,  machine  shop  and  blacksmith  shop.  In  the  design  of 
electrical  equipment  for  mines,  it  is  necessary  to  consider  carefully 
the  following:  explosive  dust  and  gases,  continuity  of  operation, 
voltage  fluctuations  and  dampness.  It  is,  of  course,  advisable 
to  install  the  control  apparatus  in  a  locality  which  is  unaffected  by 
sparks  or  short  circuits  tending  to  some  derangement  of  the  appara- 
tus. The  design,  however,  must  be  made  so  as  to  minimize  leaks  to 
ground,  short  circuits,  etc.,  which  may  cause  ignition  of  explosives, 
of  mine  gases  or  of  coal  dust,  with  disastrous  results.  In  gaseous 
mines,  arc  producers  such  as  circuit  breakers,  switches  and  sliding 
contacts  of  rheostats  must  be  properly  protected,  either  by 
breaking  the  arcs  in  oil,  or  by  providing  explosion-proof  cases. 

On  account  of  the  unskilled  attendants  in  the  mines,  the 
electrical  equipment  receives  less  than  the  usual  amount  of  intel- 
ligent attention,  while  on  account  of  the  conditions  of  operation, 
it  should  receive  more.  Much  is  therefore  left  to  the  designing 
engineer  to  solve,  but  on  the  other  hand,  much  could  be  done  to 
improve  conditions  by  the  employment  of  a  supervising  electrical 
engineer  at  an  attractive  salary,  whose  duty  it  would  be  to  see 
that  better  attention  is  paid  to  the  care  and  maintenance  of  the 
electrical  apparatus. 

From  a  safety  standpoint,  and  it  is  the  writer's  understanding 
that  we  are  to  follow  the  slogan  "  Safety  First  ",  the  mine  venti- 
lating fan  is  the  most  important  power-driven  machine  used 
within  the  mining  district.  Absolute  continuity  of  service  is 
necessary  during  mining  operations  to  remove  poisonous  and 
explosive  gases  and  coal  dust  from  the  underground  workings. 
Mine  fans  are  not  usually  installed  within  the  mines,  but  at  the 
mouths  of  the  shafts.  Mine  fan  service  is,  perhaps,  the  hardest 
duty  possible  for  a'commutator  type  motor.  It  runs  continually 
at  a  constant  load,  and  the  mere  fact  that  the  load  is  constant 
prevents  the  motor  from  running  light  and  allowing  the  brushes 
to  polish  the  commutator. 
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Fan  Motor  Control 

It  is  still  a  debatable  question  as  to  whether  constant  or 
variable  speed  mine  fan  motors  should  be  used.  Some  claim  that 
the  fans  should  be  arranged  to  operate  at  a  j^eripheral  speed  of 
maximum  efficiency.  This  means  constant  speed;  but  nearly 
everyone  agrees  that  variable  speed  is  practically  necessary  in 
the  mine  fan,  except  for  tunnels,  subways  and  old  workings. 
Opinions  diflfer  as  to  whether  it  is  better  to  use  mechanical  or 
electrical  means  to  vary  the  speed  of  the  fan.  Mechanical  speed- 
changing  devices  such  as  Reeves  variable-speed  drives  are  used, 
but  the  tendency  is  towards  obtaining  the  S|xjed  changes  elec- 
trically, especially  when  this  can  be  done  economically.  Speed 
control  of  a  direct-current  motor  is  easily  and  economically 
accomplished  by  shunt  field  regulation.  The  speed  control  of  an 
alternating-current  motor  is  quite  a  different  i)roblcm.  A  straight 
slip-ring  induction  motor -with  control  by  resistance  in  circuit  with 
the  secondary  is  perhaps  the  most  familiar  type  in  this  country, 
but  it  is  open  to  serious  objection  because  of  the  rheostatic  losses 
with  resultant  low  efficiency.  The  commutating-pole  slip  ring 
motor  is  used  but  very  little  on  account  of  the  complexity  of 
construction,  which  arises  from  the  necessity  of  commutating 
both  primary  and  secondary  windings.  The  commutating-pole 
squirrel  cage  machine  is  more  simple,  but  hardly  suitable  because 
of  its  starting  characteristics.  It  is  most  advisable  from  a  safety 
and  economic  standpoint  to  have  the  motor  self -starting  after  it 
shuts  down  due  to  failure  of  voltage.  With  a  squirrel  cage 
motor,  this  is  difficult  to  accomplish  because  of  the  flywheel  load. 

The  Sherbius  system  is  one  which  is  used  extensively  abroad, 
but  the  writer  understands  it  has  not  come  into  use  yet  in  this 
country.  This  system  consists  of  a  motor-generator  set  im- 
pressing an  adjustable  frequency  lower  than  the  line  frequency 
on  the  rotor  of  the  fan  motor.  This  system  is  exceptionally 
efficient  where  the  speed  reduction  is  not  great.  The  motor- 
generator  set  must  have  a  capacity  equal,  in  percentage  of  the 
fan  motor  capacity,  to  the  speed  reduction  desired.  Thus  if 
25  per  cent  speed  reduction  is  required,  the  motor-generator  set 
must  have  25  per  cent  of  the  capacity  of  the  fan  motor.  When 
a  speed  below  normal  is  wanted,  the  motor-generator  set  is  used, 
while  when  normal  speed  is  desired,  the  secondary  of  the  main 
motor  is  short-circuited  after  starting.  With  the  Sherbius 
method  of  speed  control,  the  losses  are  minimized  and  the  effi- 
ciency   is    high. 
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On  account  of  the  i)ossibility  of  frequent  failures  of  line  volt- 
age there  must  be  an  attendant  continually  employed  in  the  fan 
house  or  a  self -starting  controller  must  be  installed.  The  auto- 
matic self-starter  should  be  designed  so  as  to  permit  the  operating 
speed  to  be  set  by  a  proper  authority.  When  the  voltage  again 
comes  on  the  line,  after  failure,  the  controller  should  of  itself 
cause  the  motor  to  start  and  resume  the  speed  it  was  operating  at 
when  the  voltage  failed.  This- control  has  been  accomplished 
very  effectually  for  direct-current  motors.  The  starter  is  auto- 
matic and  is  governed  by  a  simi)le  snap  switch.  The  starting 
operation  is  governed  by  a  pilot  solenoid  and  the  shimt  field  is 
automatically  weakened  to  an  amount  corresponding  to  the  set- 
ting of  the  field  rheostat  lever.  An  example  of  this  type  of  con- 
trol is  shown  in  Fig.  1.  The  S|x»ed-setting  field  rheostat  is 
shown  on  the  center  left-hand  side  of  the  board.  The  controller  is 
equipix*d  with  a  voltage  relay  sc^  arranged  that  when  the  voltage 
drops  below  a  predetermined  value,  the  relay  drops  its  plunger, 
thereby  opening  a  circuit  causing  all  of  the  starting  resistance 
to  be  inserted  in  the  armature  circuit.  The  motor  then  runs  at  a 
reduced  speed  until  the  voltage  again  becomes  normal,  when  the 
voltage  relay  establishes  a  control  circuit  which  causes  the  start- 
ing resistance  to  be  cut  out,  again  allowing  the  motor  to  run  at 
the  proper  maximum  speed.  The  reason  for  re-inserting  the 
starting  resistance  on  low  voltage  is  to  guard  against  **fiash-overs*' 
at  the  motor  brushes,  when  the  voltage  suddenly  jumps  back 
to  nonnal.  An  overload  relay  is  also  provided  and  is  especially 
recommended  for  shunt- wound  motors.  This  is  connected  to 
momentarily  open  the  motor  circuit  and  prevent  "flash-overs'* 
when  the  line  voltage  falls  abruptly  and  the  motor  tends  to  feed 
into  the  line.  With  com  pound -wound  motors,  the  overload 
relay  is  not  essential  because  the  series  winding  weakens  the  field 
when  the  motor  acts  as  a  generator.  All  of  these  complications 
in  control  could  be  avoided  by  the  installation  of  separate 
feeders  for  the  fan  motor,  or  lines  of  such  capacity  as  would 
minimize  voltage  fluctuations,  and  it  is  questionable  whether  the 
more  or  less  com{)licated  control  is  justified  under  these  conditions. 

Since  moisture  and  dirt  are  so  jjrevalent  in  the  locality  of  coal 
mines,  both  the  control  panel  and  grid  resistance  are  treated 
with  a  special  moisture-repelling  and  insulating  compound, 
corrosive  bearings  are  eliminated  and  all  parts  necessarily  made 
of  iron  or  steel  are  enameled  or  copper-plated. 
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Pump  Motor  Control 

Mine  pumps  are  generally  installed  directly  within  the  mine, 
because  otherwise  the  suction  head  would  be  prohibitive.  The 
pumps  are  usually  of  small  capacity  and  should  be  operated  by  a 
self-starter  with  a  float  switch  in  the  sump,  or  arranged  to  run 
continuously.  The  starter  should  be  designed  for  automatic 
acceleration  of  the  pump  on  resumption  after  failure  of  line 
voltage. 

Generally  speaking,  these  pumps  are  placed  some  distance  from 
the  mine  workings  and  therefore  explosion-proof  motors  and  con- 
trollers are  unnecessary,  but  it  is  difficult  to  design  electrical 
apparatus  which  will  stand  up  under  severe  moisture  condit'ons 
prevalent.  A  typical  ])ump  motor  starter  for  direct  current, 
arranged  with  a  voltage  relay  for  protection  of  the  motor  against 
severe  voltage  fluctuations,  is  shown  in  Fig.  2.  The  starter  is 
si)ecially  designed  to  guard  against  corrosion  and  electrical 
leakages  by  using  non-corrosive  metals  and  by  liberal  application 
of  an  insulating  varnish  which  hcl])s  to  ])revent  short  circuits  as 
well  as  to  keep  moisture  from  the  iron  i)arts  necessarily  present 
for  magnetic  i)uri)oses. 

An  encased,  moislurc-i)rouf  starter  is  shown  in  Fig.  3.  This 
is  an  equi])mcnt  cs])ecially  a(laj)led  to  installations  within  the 
mine,  even  in  locations  where  arcing  is  dangerous,  bc^cause  it  is 
equipped  with  a  cast  iron  case,  the  cover  of  which  is  clamped 
down  on  a  soft  gasket,  making  the  case  air-tight.  The  leads  are 
connected  to  tenninals  and  a  special  trough  is  cast  in  the  en- 
closing box  in  which  is  ])ourcd  a  sealing  compound  covering  the 
junction  of  the  leads  and  the  tenninals.  At  the  right-hand  side 
of  the  box,  facing  it,  is  a  handle  which  closes  and  opens  the  ser- 
vice switch.  The  acceleration  of  the  motor  is  accomplished  by 
limiting  the  current  peaks  with  series-wound  switches. 

It  might  be  well  to  mention  here  the  rather  interesting  alter- 
nating-current controller  shown  in  Fig.  4.  This  is  a  125-h.p. 
2200- volt,  three-j)hase,  60-cycle  automatic  starter  for  a  slip-ring 
motor.  The  starter  is  "  ex])losion-proof  *'  and  is  mentioned  for 
this  reason.  The  switches  are  magnetically  operated  and  the 
circuits  are  made  and  broken  under  oil.  The  interior  of  one  of 
the  oil  switches  is  shown  in  Fig.  5.  This  controller  was  installed 
in  the  Homestake  Mining  Co.'s  gold  mine  at  Lead,  S.  D.  The 
outfit  starts  a  i)ump  automatically  from  a  float  switch.  The  con- 
trol circuit  is  stepped  down  to  220  volts  so  that  the  float  switch 
does  not  have  to  handle  the  high  voltage. 
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Locomotive  Controllers 

A  subject  which  is  occupN-ing  much  thought  among  coal 
mining  engineers  is  the  mine  locomotive.  The  tendency  is  to 
eliminate  the  overhead  trolley  where  there  are  low  ceilings.  This 
may  be  done  cither  by  the  use  of  a  trailing  cable,  kept  taut  by  a 
tension  reel,  or  by  the  use  of  storage  batter\'  locomotives.  The 
trailing  cable  was  not  very  popular  until  the  automatic  motor- 
driven  cable  take-up  was  developed.  Without  this  device  the 
dragging  cable  was  always  in  the  way.  The  motor  dri\nng  the 
cable  takc-uj)  is  connected  across  the  line  in  series  with  a  step  of 
resistance.  When  the  cable  is  to  be  hauled  in,  the  motor  winds 
it  uj),  and  when  i)aying  out  is  required  the  cable  overhauls  the 
motor. 

On  account  of  the  difficulties  attending  the  use  of  trailing 
cables,  it  would  seem  that  the  coming  mine  locomotive,  when  not 
in  main  entries,  will  be  operated  from  a  storage  battery  carried 
on  the  locomotive.  The  present  trouble  with  storage  battery 
locomotives  is  the  ncces.sity  of  laying  them  up  for  charging  or  of 
ha\4ng  two  sets  of  batteries  and  charging  them  at  intervals.  The 
battery  must  be  carefully  watched  and  attended.  If  the  bat- 
teries could  be  automatically  charged  without  delay,  the  useful- 
ness and  reliability  of  the  storage  battery  locomotive  would  be 
materially  increased.  This  may  be  accomplished  by  the  use  of 
an  automatic  re  verse -current  cutout,  so  arranged  that  when  the 
locomotive  j:)icks  up  the  trolley,  the  battery  will  be  automatically 
put  on  charge.  If,  however,  the  line  voltage  is  for  any  reason 
lower  than  the  battery  voltage,  the  battery  will  be  automat- 
ically cut  off  from  the  line.  The  same  applies  when  the  line 
voltage  fails,  so  that  the  battery  will  not  be  discharged  into  the 
line.  In  this  way  the  same  locomotives  may  be  used  for  gathering 
and  hauling  trii)S.  This  will  result  in  the  battery  frequently 
recei\4ng  a  boosting  charge.  The  nickel-iron  battery,  w^hich 
seems  the  most  pojjular  for  mine  locomotive  work,  wdll  show  its 
maximum  efficiency  when  so  charged. 

Manually  operated  dnun  controllers  are  almost  universally 
used  for  mine  locomotives.  These  are  usually  of  the  series- 
parallel  type  and  there  are  two  prevailing  styles,  each  of  which 
has  its  advocates.  The  first  operates  the  same  as  a  standard 
street  railway  drum  which  has  two  levers,  one  reverse  and  one 
for  accelerating.  The  other  style  also  has  two  levers  as  above, 
but  the  reverse  lever  has  two  positions  each  side  of  the  '*  off  *' 
position,  one  for  motors  in  series  and  the  other  for  motors  in 
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parallel.  This  latter  scheme  is  advantageous  because  it  is  easier 
to  get  straight  series  only,  during  gathering. 

Rheostatic  drum  type  control  is  sometimes  used  for  under- 
ground haulage  engines.  A  typical  drum  controller  for  this 
service  is  shown  in  Fig.  6. 

For  slope  mines,  the  winding  drum  for  haulage  is  generally 
installed  in  the  tipple  and  whole  trips  of  cars  are  hauled  up  at 
once.  These  winding  or  mine  haulage  machines  are  usually 
alternating-current  motor-driven  with  secondary  control,  cither 
by  means  of  a  secondary  resistance  drum  or  by  means  of  a  liquid 
rheostat.  It  is  sometimes  advantageous  to  he  able  to  change 
gears  for  pulling  strings  of  cars  in  from  the  sidings.  There  has 
been  a  tendency  of  late  to  ])ut  in  safety  cut-olTs  so  that  the  cur- 
rent to  the  motor  is  interrupted  before  the  cars  get  to  the  top. 
Variable  inertia  plays  an  important  part  in  the  stopping  i joint, 
and  in  fact,  the  variable  stopping  point  sometimes  becomes  so 
anno5ring  that  a  flyball-governor  limit  switch  in  addition  to  the 
ordinary  limit  switch  is  installed,  so  connected  that  if  the  speed 
is  high  the  governor  allows  the  first  limit  switch  to  trip.  If  the 
speed  is  low,  the  first  limit  switch  is  **  shunted  ''  by  the  governor 
and  the  haulage  may  continue  until  the  second  limit  switch  is 

engaged. 

Hoist   Control 

A  straight  vertical  hoist  is  used  to  a  limited  extent.  Almost 
invariably  this  type  of  hoist  can  be  best  electrified  by  the  use  of 
the  variable- voltage  system,  because  the  hoists  arc  short  and 
therefore  acceleration  is  an  important  consideration.  A  fly- 
wheel is  used  to  store  the  energy  for  acceleration.  Even  with 
this  arrangement,  electrification  is  in  many  cases  of  questionable 
economic  value. 

A  diagram  of  an  equalizer  hoisting  set  is  shown  in  Fig.  7.  The 
hoist  is  driven  by  a  shunt- wound,  direct-current  motor,  the  motor 
receiving  its  energy  from  a  motor-driven  generator.  The  motor- 
generator  set  has  a  heavy  flywlieel  which  absorbs  energy  when  the 
load  falls  below  a  certain  value  and  gives  up  energy  when  the  load 
is  above  this  value.  The  speed  and  direction  of  rotation  is 
governed  by  changing  the  field  of  the  generator.  When  the 
generator  field  is  weakened  while  the  motor  is  in  operation,  the 
motor  operates  as  a  generator  and  the  generator  as  a  motor,  thus 
delivering  energy  to  the  flywheel  and  giving  a  dynamic  braking 
effect  on  the  hoisting  mechanism.  Where  an  alternating-cur- 
rent motor  is  used  to  driv<?  the  generator,  the  liquid  rheostat 
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gives  very  good  regulation.  The  three  phases  of  the  rotor-  are 
connected  to  three  stationary  plates  in  separate  earthenware 
pots.  Above  the  stationary  plates  are  connected  together  three 
movable  plates.  These  are  nearly  balanced  by  an  adjustable 
counterweight,  the  movement  of  which  is  controlled  by  a  small 
induction  motor.  The  small  motor  receives  its  energy  from 
series  transformers  in  the  main  line  of  the  large  induction 
motor   and  thus  the  current  in  the  two  motors  is  proportional. 


If  the  main  motor  takes  more  current  than  it  should  (depending 
on  the  adjustment)  the  small  motor  takes  more  current  and 
raises  the  counterweight,  thereby  separating  the  plates  of  the 
liquid  rheostat  and  increasing  the  resistance  in  the  rotor  circuit. 
This  decreases  the  syjeed  and  permits  the  flywcel  to  give  up 
some  of  its  stored  energy 

One  case  where  the  efficiency  of  a  vertical  hoist  was  greatly 
increased  by  tlie  use  of  electricity  is  shown  by  a  change  made  at 
the  Berwind  White  Company's  mine  at  Windber,  Pa-     It  was 
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found  impracticable  to  change  the  shaft  to  take  care  of  a  larger 
elevator  with  more  sidings  for  loading,  and  an  increased  capacity 
of  the  hoist  was  necessary  because  of  the  increasing  production  in 
the  mine.  A  magazine  hoist  was  installed,  having  a  cage  with  foiu* 
decks.  These  decks  are  loaded  by  a  similar  auxiliary  cage 
within  the  mine.  The  loading  cage  is  operated  by  an  electric 
motor  and  controlled  by  a  simple  master  switch,  so  that  each  of 
the  four  decks  are  brought  in  succession  to  the  level  of  the  track 
in  the  main  entry.  After  the  loading  cage  is  full,  the  cars  are 
run  onto  corresponding  decks  of  the  main  magazine  hoist  and 
are  lifted  out  of  the  mine. 

Machine    Control 

Coal-cutting  machines  are  controlled  by  a  plain  hand  starter 
fully  enclosed.  The  simpler  and  more  substantial  this  starter, 
the  better.  There  is  a  tendency  to  design  motors  for  coal  cutting 
which  may  be  thrown  directly  across  the  line  to  start.  The 
writer  believes  this  is  a  step  in  the  proper  direction,  because  then 
the  control  may  take  the  form  of  a  simple  hand  switch,  preferably 
oil-immersed. 

The  control  of  an  electric  punch  or  drill  is  usually  a  straight 
hand  starter,  and  the  more  simple  this  is,  the  better. 

An  important  consideration  in  mine  electrical  appurtenances 
is  the  terminal  box.  This  is  used  wherever  a  motor  has  trailing 
cables  and  should  be  so  arranged  that  putting  the  plug  in  the  box 
will  close  the  circuit  in  oil.  An  overload  should  be  supplied, 
which,  when  it  trips,  will  throw  the  plug  out. 

To  stun  up  the  situation,  mine  controllers  are  just  as  important 
as  the  motors  themselves,  and  the  control  equipment  should 
receive  more  thoughtful  consideration  if  our  electrical  mine  in- 
stallations are  to  prove  successful. 
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Discussion  on  **  Mine  Duty  Controllers  **  (Reed),  Pitts- 
burgh,   Pa.,    April    9,    1914. 

F.  L.  Stone:     There  is  one  line  of  control  on  which  Mr.  Reed 
has  touched  very  lightly.     That  is  the  handling  of  2200  volts. 
This  voltage  is  coming  more  in  use  every  day,  and  must  be  con- 
trolled in  a  safe  and  efficient  manner.     The  use  of  oil-inunersed 
switches  was  the  first  method  tried,  but  where  the  operation 
is  frequent  and  the  service  severe,  as  in  the  case  of  the  mine  hoist, 
either  of  the  slope  or  shaft  type,  it  does  not  work  out  as  well 
as  might  be  hoped.     The  frequent  rupturing  of  the  arc  car- 
bonizes the  oil,  and  will  eventually  cause  an  arc-over.     This 
comes  without  any  warning  to  the  operator,  and  usually  puts 
the  switch  out  of  commission.     Another  cause  of  damage  to 
oil-immersed  switches  when  operated  frequently  is,  that  a   body 
of  gas  will  form  on  top  of  the  oil  and  finally  a  hot  bubble  will 
arise,  and  if  the  proper  proportions  of  air  are  present  a  violent 
explosion  will  occur,   this  frequently  wrecking   the   tank,  and 
putting  the  switch  out  of  commission  until  repairs  can  be  made. 
The  ordinary  oil  switch  such  as  is  used  on  a  switchboard   for 
control  of  various  circuits  may  be  called  upon  to  operate  two 
or  three  times  a  day.     A  switch  to  control  a  hoist  operating  two 
trips  a  minute  will  operate  approximately  1000  times    a    day 
in  eight  hours.     In  the  first  case  the  oil-immersed  switch  is  en- 
tirely satisfactory,  while  in  the  latter  case  such  information  as 
I  have  been  able  to  gather  seems  to  indicate  that  it  is  entirely 
unsatisfactory. 

The  only  alternative  seems  to  be  a  properly  designed  air- 
break  contactor.  Such  contactors  have  been  designed,  and  are 
on  the  market,  and  from  everything  I  can  learn  are  giving  satis- 
factory service.  Two  of  these  air-break  contactors  were  in- 
stalled about  one  and  one-half  years  ago  at  the  Crow's  Nest 
mine  of  the  Keystone  Coal  &  Coke  Company,  controlling  the 
primary  circuit  of  a  slope  hoist  of  700  h.p.  The  operation 
has  been  continuous  since  installation,  and  even  the  arcing 
tips  have  not  as  yet  been  renewed.  I  have  a  letter  from  South 
America,  advising  that  the  air-break  contactors  are  giving 
most  excellent  service.  One  contactor  in  particular,  installed 
at  one  of  the  mines,  was  put  in  service  early  in  March,  1912, 
and  at  the  end  of  two  hundred  and  forty-four  days  of  operation 
it  had  opened  the  circuit  388,000  times  without  any  renewals 
or  repairs  and  at  a  maintenance  cost  of  nil.  On  the  other  hand 
reports  from  the  same  locality  on  oil-immersed  contactors  advise 
that,  on  account  of  danger  of  fire  when  the  oil  becomes  too 
much  carbonized,  it  must  be  renewed  every  four  or  five  weeks 
and  between  30  and  40  gallons  of  oil  per  switch  are  required. 

From  these  figures  you  can  readily  appreciate  that  the  main- 
tenance of  such  a  switch  is  a  very  expensive  luxury. 

All  of  the  above  applies  only  to  switches  which  are  required 
to  operate  on  a  rapid  cycle. 
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Mr.  Reed  refers  to  an  encased  moisture-proof  starter  to  be 
used  in  gaseous  parts  of  the  mines.  I  believe  it  would  be  better 
if  this  casing  were  built  on  the  principle  of  the  safety  lamp, 
rather  than  attempt  to  make  it  air-tight.  Any  device  of  this 
sort  is  bound  to  breathe,  that  is  to  say,  expel  a  certain  amount 
of  air  when  warm,  and  draw  in  air  from  the  outside  when  cold. 
K  this  action  is  carried  on  long  enough  the  quality  of  the  air 
inside  of  the  box  will  be  the  same  as  that  outside,  and  an  ex- 
plosion might  readily  be  started.  Or,  when  the  box  is  opened 
for  inspection,  it  will,  of  course,  fill  with  air  from  the  outside, 
which  may  be  an  explosive  mixture.  I  believe  it  is  generally 
conceded  that  it  is  almost  impossible  to  make  a  perfectly  air- 
tight joint  through  which  electric  wires  can  be  brought.  I 
would  like  to  have  an  expression  of  opinion  from  the  Bureau 
of  Mines  on  this  subject. 

Mr.  Reed  in  his  article  makes  no  detailed  reference  to  control 
of  motors  by  liquid  rheostats.  The  general  trend  of  the  practise 
seems  to  be  that  in  motors  over  500  h.p.  a  liquid  rheostat  should 
he  used  for  the  secondary  control.  The  up-keep  of  such  rheo- 
stats should  be  considerably  less  than  the  up-keep  of  the  large 
contactor  panels.  The  freedom  from  steps  is  a  very  import- 
ant consideration,  and  is  obtained  only  in  the  liquid  rheostat. 
It  has  been  a  very  difficult  problem  to  design  a  liquid  rheostat 
with  a  large  ratio  of  resistance  without  having  the  plates  so 
close  together  that  the  danger  of  arcing  in  event  of  the  motor 
being  reversed  is  more  excessive.  This,  however,  has  been 
accomplished  by  the  use  of  what  virtually  amounts  to  two 
chambers,  one  of  them  of  high  resistance  and  the  other  of  low 
resistance.  The  low  resistance  section  is  only  connected 
across  the  slip  rings  after  the  motor  has  attained  a  considerable 
speed,  and  therefore  its  voltage  across  collector  rings  is  low. 
The  low-resistance  section  is  cut  in  by  means  of  a  float  switch. 
With  such  an  arrangement  the  motor  could  be  reversed  with- 
out any  danger  of  arc-over,  as  nothing  but  the  high-resistance 
plates  would  be  in  circuit. 

Finally,  in  regard  to  the  part  of  Mr.  Reed's  paper  referring 
to  mine  hoist  control,  it  would  seem  as  though  Mr.  Reed  was 
of  the  opinion  that  a  flywheel  motor-generator  set  was  extremely 
efficient.  Efficiency  is  not  the  aim  of  the  flywheel  set,  and  it 
should  only  be  used  where  excessive  peaks  are  penalized  or 
where  power  station  capacity  is  limited,  and  it  then  must  be 
realized  that  the  running  of  a  heavy  fl>nvhecl  throughout  the 
entire  day  must  be  done  at  a  considerable  expenditure  of  energy. 
As  a  matter  of  fact,  speaking  generally,  it  takes  abbut  one  and 
one-half  horse-power  per  ton  to  operate  a  flywheel.  I  will  be 
interested  to  hear  from  Mr.  Reed  as  to  why  he  differentiates 
between  shaft  hoisting  and  slope  hoisting  on  the  efficiency  basis. 
Personally,  I  see  no  difference  whatever,  except  that  the  con- 
trol of  the  shaft  hoist  is  a  little  more  difficult  than  the  control 
of  the  slope  hoist. 

Mr.  Reed's  statement  that  tlie  electrification  of  mine  shaft 
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hoists  is  of  questionable  economic  value  cannot  be  passed  un- 
noticed.    Mr.  Reed,  of  course,  would  not  make  such  a  state- 
ment unless  he  had  some  figures  based  on  tests  and  actual 
observations  to  back  it  up.     Being  particularly  interested  in 
mine  hoisting,  I  would  deem  it  a  great  favor  if  Mr.  Reed  would 
advise  us  as  to  just  how  he  arrived  at  the  conclusion  that  the 
electrification  of  mine  shaft  hoists  is  of  questionable  economic 
value.     I  have  yet  to  see  the  case  where  the  shaft  hoist  has  been 
electrified  that  it  is  of  questionable  economic  value. 
•^    Sidney  G.  Vigo:     I  would  Hke  to  inquire  of  Mr.  Reed  what, 
in  his  opinion,  is  a  fair  estimate  of  the  largest  capacity  alternat- 
ing-current motor  that  can  be  applied  to  a  hoist  and  operated 
directly  on  the  line  of  a  central  station  without  causing  undue 
disturbance  on  the  system,  after  taking  into  consideration  the 
application  of  the  proper  controller,  as  discussed  in  the  paper. 
This  is  largely  determined,  of  course,  by  the  size  of  the  station 
feeding  the  system,  but  reference  is  made  particularly  to  the 
smaller    station,  say  of  2000  kw.,  carrying  a  diversified  load. 
We  have  had  considerable  trouble  with  some  of  the  smaller 
stations  in  several  instances,  by  of)erating  motors  of  150  horse 
power  directly  on  the  line,  using  magnetic  control.     In  these 
cases,  faulty  regulation  of  the  lighting  load  was  evident. 

Graham  Bright:  High  continuity  of  oi)cration  of  any  ap- 
paratus can  only  be  obtained  by  a  constant  and  systematic 
inspection.  This  is  particularly  true  of  mine  work,  since  the 
conditions  under  which  its  apparatus  has  to  ojierate  are  so  very 
bad  and  it  is  difficult  to  get  a  good  class  of  operators  and  in- 
spectors, due  to  the  poor  living  conditions  and  isolation  of  the 
average  mine. 

For  small  pumps  up  to  20  h.p.,  the  self-starting  motor  is  the 
best  solution  of  the  control  problem,  as  it  eliminates  the  control 
entirely.  If  too  many  motors  of  this  type  are  placed  on  a  system 
the  first  rush  of  current  may  i:)rovc  too  much  for  the  generat''ng 
system,  in  which  case  a  relay  could  be  i^rovidcd  on  some  of  the 
motors  which  would  delay  tlicir  starting  for  a  few  seconds  so  that 
all  motors  would  not  start  at  once.  It  seems  that  the  self- 
starting  motor  would  be  a  better  solution  of  the  problem  than 
the  usual  control  as  shown  in  Figs.  1  and  2.  However,  where  a 
company  has  already  installed  motors  that  are  not  of  the  self- 
starting  type,  this  control,  of  course,  would  be  a  considerable 
improvement  over  the  present  method  of  having  to  cut  in  and 
start  by  hand. 

Mr.  Reed  states  that  the  series  and  parallel  drum  controller 
with  the  series  and  parallel  feature  in  the  reverse  drum  is  ad- 
vantageous because  it  is  easier  to  get  straight  series  only,  during 
gathering.  I  believe  that  the  straight  scries  position  is  seldom 
used,  as  the  motorman  will  invariably  start  in  multiple.  It  gives 
him  an  easier  start,  and  he  can  generally  start  larger  loads,  since 
one  pair  of  wheels  slipping  does  not  increase  the  tractive  effort 
of  the  other  pair  as  would  be  the  case  with  the  motors  in  series, 
The  real  reason  for  making  the  series  and  parallel  arrangement  on 
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the  reverse  drum  is  on  account  of  the  limitation  in  height.  The 
regular  railway  type  of  series  parallel  controller  is  too  high  for 
mine  service,  due  to  the  series  parallel  feature  being  in  the  main 
drum.  It  has  been  my  experience  around  the  mines  that  there 
are  few  motormen  who  use  the  series  position  very  much.  The 
railway  type  of  controller  would  be  a  distinct  advantage  in  that 
the  motorman  must  start  in  series  every  time. 

I  wish  to  take  issue  with  Mr.  Reed  regarding  his  statement  that 
almost  invariably  the  straight  vertical  type  of  hoist  can  be  best 
electrified  by  the  use  of  the  variable-voltage  system  and  that  with 
this  arrangement  in  many  cases  electrification  is  of  questionable 
value.  It  will  be  found  in  practise  that  in  a  large  majority  of 
cases  an  a-c.  wound-rotor  induction  motor  will  be  used  for  verti- 
cal hoists  and  will  prove  the  most  economical,  not  only  on  the 
basis  of  first  cost  but  also  on  cost  of  operation.  Very  rapid 
hoisting,  with  few  or  no  delays,  coupled  with  restrictions  regarding 
the  peak  loads  that  the  power  company  will  permit  on  its  system, 
will  only  warrant  a  flywheel  equalizer  system  with  voltage  con- 
trol. For  very  rapid  hoisting  it  is  sometimes  desirable  to  use  the 
voltage  control  system  on  account  of  the  superiority  of  the  control 
itself,  which  readily  lends  itself  to  the  addition  of  autoinatic 
features.  In  case  the  power  system  can  stand  the  short-time 
peak  loads  it  is  not  necessary  to  use  a  flywheel,  and  a  synchronous 
motor-generator  set  can  be  used  to  supply  power  to  the  hoist 
motor.  The  flywheel  and  slip  regulator  losses  will  be  saved  and 
the  first  cost  will  be  considerably  less. 

There  are  no  doubt  a  few  isolated  cases  when  it  will  not  pay  to 
electrify  a  steam-driven  hoist,  but  in  the  majority  of  cases  a  very 
substantial  saving  can  be  made.  There  are  steam  hoists  in 
West  Virginia  at  which  the  cost  is  over  five  cents  per  ton  for 
hoisting  from  not  over  400  feet  in  depth.  Soms  of  these  hoists 
will  be  electrified  in  the  near  future,  and  it  is  expected  to  cut  the 
cost  of  hoisting  to  less  than  one-half  of  what  it  is  at  present. 

H.  H.  Clark:  Mr.  Stone  has  asked  for  a  comparison  of  the 
explosion- proof  qualities  of  oil  switches.  The  tests  that  the 
Bureau  of  Mines  has  made  have  been  rather  limited  in  number 
and  have  been  confined  to  switches  of  relatively  small  capacity. 
No  tests  have  been  made  with  controllers.  The  tests  were 
made  at  250  volts  and  with  currents  no  grealter  than  100  amperes. 
I  have  not  in  mind  the  exact  conditions  that  surrounded  these 
tests,  but  about  75,000  breaks  were  made  on  each  switch  while 
it  was  surrounded  with  the  most  explosive  mixture  of  Pittsburgh 
natural  gas  and  air.  No  ignition  took  place  during  the  tests 
and  it  seems  reasonable  to  believe  that  all  switches  can  be  made 
explosion- proof  if  the  parts  are  properly  proportioned  to  the 
service  to  be  taken  care  of  and  if  the  presence  of  the  proper 
amount  of  oil  in  the  switch  casing  can  be  assured. 

From  the  tests  that  we  have  made  I  cannot  say  what  would 
happen  to  an  oil  controller  that  is  being  operated  a  great  many 
times  a  minute.  It  may  be  that  in  a  comparatively  short  time 
the  oil  level  would  fall  to  such  an  extent  that  the  flash  of  breaking 
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the  circuit  might  be  exposed  and  in  that  case  gas  would  certainly 
be  ignited  if  it  were  present.  I  can  say  this,  however,  that  in 
almost  every  case  that  we  tried  it  was  necessary  to  renew  the 
contacts  several  times  before  the  oil  level  fell  to  such  an  extent 
that  the  breaking  flash  was  exposed. 

H.  D.  James:  Mr.  Reed,  in  the  beginning  of  his  paper,  makes 
the  following  statement: 

**  Only  within  the  past  few  years  have  those  concerned  realized 
that  the  selection  of  a  proper  controller  is  as  important  as  the 
selection  of  a  suitable  motor.'* 

I  wish  to  emphasize  this  point,  as  I  can  recall  many  personal 
experiences  in  which  the  selection  of  the  motor  was  such  that  it 
was  almost  impossible  to  furnish  a  satisfactory  controller.  A 
motor  may  embody  the  ideal  features  for  the  particular  applica- 
tion, but  render  it  very  difficult  to  control  this  motor  in  a  satis- 
factory manner.  This  point  has  received  the  attention  of  both 
motor  and  controller  engineers  with  increasingly  satisfactory 
results. 

A  still  further  development  of  the  situation  has  produced  the 
engineer  who  has  the  training  and  experience  necessary  to  study 
the  customer's  requirements  and  select  both  a  motor  and  con- 
troller which  will  give  the  best  economical  results,  apart  from  a 
purely  scientific  consideration.  This  man  is  commonly  known  as 
an  application  engineer.  It  is  necessary  for  him  to  analyze  the 
design  characteristics  of  both  the  motor  and  control,  and  collect 
the  necessary  data  showing  the  conditions  of  load  and  method 
of  operation  that  give  the  best  results  for  the  customer.  Often 
the  motor  can  be  modified  slightly  in  design,  and  the  controller 
changed  to  give  a  larger  output  with  less  strain  to  the  appar.itus 
and  decreased  power  consumption.  This  is  very  important  from 
the  standpoint  of  the  customer,  as  the  only  two  items  which 
usually  interest  him  are,  first,  the  amount  of  capital  invested  in 
the  apparatus,  and  second,  the  cost  of  power  and  maintenance. 

He  is  not  willing,  as  a  rule,  to  pay  for  new  and  interesting 
scientific  experiments.  Occasionally  such  features  have  an  ad- 
vertising value,  but  as  a  rule,  they  have  no  commercial-  import- 
ance. The  man  who  spends  most  of  his  time  following  the  design 
of  either  motor  or  control  is  not  usually  equipped  to  make  a  well 
balanced  application.  The  electrical  industfy  owes  a  great  deal 
to  the  pioneer  application  engineers,  and  it  is  profiting  more 
every  year  by  the  increased  number  of  these  engineers  who  are 
making  a  special  study  of  each  customer's  requirements  and 
assisting  the  customer  to  solve  his  power  problem  so  as  to  get 
economical  operation  and  increased  output. 

W.  C.  Kennedy:  In  many  of  these  cases,  particularly  the 
ones  referring  to  the  mine  hoists,  the  equipments  are  develop- 
ments, not  of  the  controller  alone,  but  it  is  a  question  of  the 
adaptation  of  the  controller,  the  hoisting  machine,  and  the  motor 
to  the  conditions  of  service — a  great  deal  like  the  ordinary 
electric-driven  elevator.  You  have  to  make  all  three  units 
work  together.     Sometimes  you  have  to  modify  the  controller 
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to  meet  the  characteristics  of  the  motor,  and  sometimes  the  motor 
must  be  modified  to  meet  the  characteristics  of  the  controller,  and 
local  conditions  also  afTcct  these  difTerent  items. 

The  controller  shown  in  Fij^.  1  has  been  referred  to  as  unsafe 
for  installation  in  the  mine.  That  controller  was  discussed 
under  the  head  of  **Fan  Motor  Control.'*  That  is  not  designed, 
primarily,  to  go  inside  the  mine,  where  it  would  be  subject  to 
explosive  gases.  In  nearly  all  cases  the  ventilator  fans  are 
motmted  at  the  top,  outside,  and  at  the  head  of  the  shaft.  The 
main  feature  of  these  fans  is  continuity  of  service,  and  to  be 
able  to  get  any  speed  adjustment  desired  over  a  wide  range. 
The  amount  of  air  to  be  delivered  varies  greatly,  depending  upon 
the  weather  conditions.  That  controller  is  designed  for  use 
with  the  shimt-wound  motor,  having  a  speed  range  of  about 
4  to  1.  It  is  capable  of  being  set  to  any  predetermined  point 
and  locked  in  that  position  by  the  mine  operator. 

The  controller  shown  in  Fig.  2  is  also  not  of  the  enclosed 
type.  It  is  not  so  elaborate  as  the  first  one,  because  it  is  not 
designed  for  adjustable-speed  motors.  It  is  intended  to  be  used 
with  drainage  pumps.  These  pumps,  as  I  understand  it,  are 
located  at  a  point  in  the  mine  which  is  determined  by  the  main 
operating  conditions.  They  are  not  usually  located  down 
where  the  cutting  is  going  on,  but  are  mostly  on  a  ventilated 
shaft,  where  they  obtain  the  best  drainage,  and  then  are  con- 
nected to  the  different  sumps  or  drainage  wells. 

We  have  built  controllers  using  both  air-break  switches  and 
the  oil-immersed  switches,  and  both  types  arc  in  satisfactory 
operation. 

The  controller  shown  in  Fig.  3  is  of  the  air-break  type,  tightly 
enclosed,  and  I  believe  ojjcrates  satisfactorily.  We  have  made 
some  controllers  that  are  not  dosed  as  tightly  as  that,  and 
personally  I  would  be  inclined  to  think  this  type  of  control 
would  be  better  than  trying  to  adapt  the  principle  of  the  safety 
lamp.  It  may  be  argued  that  it  may  collect  gas  inside,  that  it 
is  bound  to  breathe,  which  is  true,  but  at  the  same  time  any 
electrical  device  must  be  inspected,  or  at  least  should  be  in- 
spected, no  matter  if  it  is  enclosed.  There  should  be  a  man 
in  every  mine,  as  there  is  a  man  in  nearly  every  mill,  an  in- 
spector, whose  duty  it  is  to  examine  these  automatic  devices, 
but  I  think  it  wotild  take  a  long  time  before  that  controller 
could  collect  an  explosive  mixture  in  it. 

Mr.  Clark  has  referred  to  his  tests  on  the  oil -break  switches, 
and  states  that  he  has  tried  them  up  to  75,000  times,  and 
they  are  still  satisfactory.  Of  course,  the  ordinary  switch  will 
have  to  operate  more  than  that.  We  have  been  very  successful 
with  oil-break  direct -current  apparatus  as  well  as  alternating- 
ctirrent  apparatus,  in  situations  where  there  is  danger  of  ex- 
plosions. This  refers  to  a  line  of  work  which  is  not  concerned 
with  mining  apparatus,  and  that  is  in  the  powder  mill  industry. 
It  requires  a  great  number  of  manually  operated  controllers, 
oil-immersed,  and  they  are  certainly  in  a  dangerous    position 
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when  it  comes  to  the  danger  of  a  flash  or  an-  explosion,  and  the 
only  answer  I  can  give  is  that  both  types  of  apparatus  are 
operating  satisfactorily. 

In  regard  to  the  locomotive  controllers,  I  am  inclined  to 
believe  we  would  consider  series  parallel  probably  better  than 
having  the  series  on  one  side  of  the  off  position  and  parallel 
on  the  other.  I  think  the  point  which  Mr.  Reed  intended  to 
convey  was  that  we  are  building  both  types.  Neither  of  these 
special  controllers  is  the  result  of  the  conceptions  and 
ideas  of  the  designers;  they  have  been*  cases  where  we  have 
been  called  upon  to  furnish  special  apparatus,  and  I  know  that 
that  dnlm  controller  was  built  at  the  request  of  some  customer. 
I  think  that  only  goes  to  show  that  it  would  be  to  the  advantage 
of  every  one  concerned,  both  the  manufacturers  and  the  users, 
if  the  mine  apparatus  could  be  standardized  and  made  to  cover 
the  general  requirements,  and  kept  away  from  these  special 
things  as  far  as  possible.  That  has  l^een  done  in  the  Pittsburgh 
territory  among  the  steel  mills,  and  I  know  that  both  manu- 
facturer and  user  are  benefited. 

C.  J.  E.  Wazbom:  Mr.  Reed  has  mentioned  controllers  for 
coal-cutting  machines.  This  is  a  type  of  apparatus  which  is 
subjected  to  much  abuse  in  mines.  The  coal-cutting  machines 
start  and  stop  very  often,  sometimes  under  heavy  overload, 
and  Mr.  Clark  suggested  the  use  of  oil  switches  for  such  starters. 
Personally  I  do  not  believe  that  oil  switches  for  coal-cutting 
machines  would  be  practicable,  as  I  am  afraid  that  the  carbon- 
izing effect  of  the  oil  would  be  too  much.  Secondly,  I  believe 
that  the  men  around  the  mine  would  put  in  any  kind  of  oil  which 
they  found  handy. 

In  order  to  better  the  starting  apparatus  for  coal-cutting 
machines,  we  have  lately  devised  means  whereby  a  coal-cutting 
machine  is  started  only  once  during  its  operation  and  then 
stopped.  This  is  accomplished  by  means  of  friction  control. 
The  motor  is  started  absolutely  under  no-load  and  can  be  re- 
leased under  no-load.  In  propelling  the  coal-cutting  machine 
from  place  to  place,  the  operator  of  the  machine  does  not  operate 
the  starting  box,  simply  the  friction  control.  In  my  opinion, 
that  contrivance  is  one  of  the  simplest  and  most  effective,  and 
I  believe  one  of  the  most  durable,  of  which  we  know  today. 
It  does  away  with  stopping  and  starting  of  the  controller,  which 
has  been  the  bugbear  of  many  electricians  around  the  mine. 

W.  M.  Hoen:  For  fan  motor  control,  alternating-current, 
a  wound -secondary  motor  is  advisable  if  starting  current  must 
be  limited.  If  any  great  amount  of  speed  reduction  is  required, 
and  resistance  control  is  used,  the  loss  in  resistance  is  objection- 
able, but,  due  to  the  character  of  the  fan  load,  this  loss  will  be 
much  less  than  if  the  motor  were  driving  a  constant  torque  load. 
However,  its  use  would  be  advisable  where  speed  reduction 
was  of  rare  occurrence. 

A  squirrel  cage  motor  and  its  control  is  the  simplest,  and  as 
possibly  one  speed  for  the  majority  of  mechanical  appliances 
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in  mine  operation  is  generally  sufficient,  a  two-speed  winding 
will  give  good  results.  The  control  apparatus  can  be  made 
simple  and  the  starting  characteristics  for  either  speed  are 
stiitable  for  fan  operation. 

Direct  current  is  usually  supplied  because  of  locomotives, 
and  if  fan  service  is  supplied  from  the  same  source,  a  separate 
feeder  should  be  run  from  the  busbars.  This  would  eliminate 
the  greater  voltage  fluctuation. 

If  direct  current  is  used  for  pumping,  the  majority  of  the 
machines  will  be  small,  and  the  proper  solution  of  the  control 
apparatus  is  to  eliminate  it  and  use  self -starting  motors.  They 
are  available  in  sizes  up  to  20  h.p.  and  may  be  thrown  directly 
across  the  line. 

As  to  hoist  control,  drum  controllers  have  been  used  to  a 
great  extent  in  the  past,  but  with  increasing  use  of  magnetic 
contactors,  their  increased  reliability  makes  it  desirable  to  use 
drum  controllers  only  on  small,  low-voltage  hoist  motors  where 
the  service  is  intermittent.  Except  in  shafts  of  very  large 
output  and  extremely  fast  work,  the  induction  motor  is  appli- 
cable and  can  be  controlled  by  contactors  when  the  motors 
are  of  average  size,  and  a  liquid  rheostat  can  generally  be  used 
for  the  larger  motors.  This  liquid  rheostat  is  very  simple, 
consisting  of  a  number  of  plates  connected  to  the  secondary 
of  the  motor,  and  supported  in  the  upper  section  in  a  two-com- 
partment tank.  The  liquid  is  a  carbonate  of  soda  solution  and 
is  kept  in  constant  circulation  from  the  lower  to  the  upper  tank 
by  a  small  centrifugal  pum]).  The  level  of  the  liquid  in  the 
upper  tank  compartment  which  contains  the  plates,  is  lowered 
or  raised  by  means  of  a  hollow  weir  which  is  under  the  hoist- 
man's  control.  This  type  has  the  advantage  of  simplicity  and 
minimum  maintenance. 

The  voltage  control  system,  as  described,  is  ideal,  and  is  only 
required  where  the  loads  to  be  hoisted  are  large,  the  rope  speeds 
high,  and  the  acceleration  and  retardation  rates  very  fast.  If 
power  conditions  limit  the  [)cnnissible  peak,  a  flywheel  set 
with  induction  motor  and  liquid  regulator  as  described  in  paper 
is  proper.  If  the  i)eaks  are  not  a  limiting  feature,  a  synchron- 
ous motor-generator  set  will  give  all  the  desirable  control  fea- 
tures, somewhat  decreasing  the  first  cost  and  the  no-load  run- 
ning losses. 

Coal  cutters  were  formerly  built  only  for  use  with  direct 
current,  but  are  now  available  with  induction  motors.  These 
can  be  thrown  directly  on  the  line,  permitting  the  use  of  a 
single  oil  switch. 

A  mine  with  large  i)ower  requirements  can  dispense  with 
direct  current  except  for  locomotive  operation.  This  simplifies 
the  control  problems  and  permits  oil  switches  to  be  used  for  all 
control  work. 

Arthur  S.  Biesecker:  Under  ''  Pump  Motor  Control,"  in  the 
last  sentence  of  the  first  statement  is  the  following:  "  The 
starter  should  be  designed  for  automatic  acceleration  of  the 
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pump  on  resumption  after  failure  of  line  voltage."  That,  to  my 
mind,  is  rather  a  broad  statement.  I  am  not  very  familiar  with 
the  bituminous  field,  but  in  the  anthracite  field  a  very  large  part 
of  the  pumping  is  now  done  with  centrifugal  pumps.  If  that 
statement  is  put  in  practise,  I  am  afraid  that  the  result  would  be 
very  unsatisfactory  to  the  operator.  If  you  put  an  automatic 
starter  of  that  character  on  a  centrifugal  pump,  and  the  power 
goes  off,  you  lose  the  water,  and  then  your  automatic  starter 
brings  your  motor  up  to  speed,  your  runners  will  run  hot,  and 
stick,  and  then  you  are  in  trouble.  To  my  mind  that  is  rather  a 
broad  statement. 

There  are  several  places  around  the  mines  similar  to  that, 
where  it  would  be  positively  dangerous  to  put  on  an  automatic 
starter,  and  the  only  thing  to  do  when  the  power  goes  oflf,  is  to 
let  the  pump  stand  still  until  the  pump  runner  comes  back  and 
let  him  start  up  the  pump  again,  and  see  that  the  conditions  are 
right  for  starting. 

W.  C.  Kennedy:  In  regard  to  the  last  remark,  I  think  that  local 
conditions  would  alter  that  to  some  extent.  I  have  seen  one 
installation  in  which  a  controller,  practically  of  that  same  nature, 
was  used.  It  was  so  arranged  that  in  case  the  voltage  fell  below 
any  predetermined  point  to  which  it  was  adjusted  the  starting 
resistance  was  cut  back  in  the  circuit,  and  if  the  voltage  rose  again 
it  would  automatically  accelerate.  It  was  also  provided  with  a 
feature  of  control  so  that,  in  case  of  failure  of  voltage,  it  would 
start  up  again  in  case  power  was  applied.  This  controller  is  in 
operation,  and  I  have  seen  the  installation  at  intervals  of  two  or 
three  months,  and  so  far  as  I  know  it  is  all  right,  but  there  may 
be  some  conditions  that  would  alter  that.  That  pump  draws 
from  a  sump  well  about  three  or  four  feet  below  the  level  of  the 
pump.  It  pumps  against  a  pressure,  I  believe,  of  20  lb.  There 
is  one  check  valve  on  the  suction  line,  and  I  do  not  believe  there 
is  any  on  the  delivery  line.  So  far  as  the  controller  manufacturer 
is  concerned,  he  can  make  the  controller  so  that  it  will  start  up 
again  on  the  application  of  power,  or  not,  one  way  just  as  easy  as 
another. 

The  question  of  acceleration  has  not  been  spoken  of  very  much. 
As  usual,  llicrc  arc  two  types  of  acceleration,  one  that  is  not  under 
the  control  of  the  current,  and  the  second  is  the  current-limit 
acceleration  usinj;  cither  series  switches  or  shunt  switches  with 
relays.  The  first  is  usually  known  as  the  constant-time  accelera- 
tion. We  manufacture  both  types,  and  under  the  wide  fluctua- 
tions of  energy  which  are  usually  found  in  mines,  we  find  that  the 
constant- time-element  acceleration  gives  much  better  results, 
because  the  current-limit  acceleration  is  found  to  give  trouble, 
especially  if  it  is  necessary  to  accelerate  a  heavy  load,  with  vary- 
ing voltage,  or  in  case  of  a  varial:)le  load.  In  that  case  it  is  prac- 
tically impossible  to  use  the  current-limit  acceleration.  However, 
I  believe  that  the  voltage  condition  in  mines  will  gradually  im- 
prove and  that  may  vary  the  design  of  the  starters  considerably. 


FrtuttUd  at  the  293</  Meeting  of  the  Amer- 
ican lustiiute  of  Electrical  Engineers,  Pitts- 
bi$rgh.  Pa.,  April  9,  1914,  under  the  aus- 
pices of  the  Committee  on  Use  of  Electriciiy  in 
Mines. 


Copyritfht  1914.     By  A.  I.  E.  E. 


SELF-CONTAINED  PORTABLE  ELECTRIC   MINE  LAMPS 


BY  H.  O.  SWOBODA 


Abstract  of  Paper 

The  considerable  number  of  mine  explosions  caused  by  defects 
of  the  Davy  safety  lamps  has  encouraged  the  development  of 
electric  lamps.  Satisfactory  results,  however,  have  been  ob- 
tained only  since  the  invention  of  the  tungsten  lamp,  permitting 
the  use  of  smaller  storage  batteries. 

The  general  requirements  for  electric  lamps  are:  absolute  safe- 
ty, uninterrupted  production  of  light  for  at  least  one  shift,  and 
a  foolproof  design.  Prizes  offered  by  the  British  Government 
in  1912  for  the  best  electric  lamp,  resulted  in  197  different  con- 
structions being  submitted.  The  first  prize  was  awarded*  to  a 
German  lamp,  which  since  that  time  has  been  used  with  great 
success  all  over  Europe  and  which  is  also  being  introduced  in  this 
country. 

The  construction  of  this  lamp,  consisting  of  several  types  for 
different  requirements,  and  the  methods  of  handling  it  in  actual 
service,  are  fully  described.  Some  figures  covering  repairs  and 
renewals  are  given. 

In  concluding,  the  author  mentions  the  only  objection  that 
can  be  raised  against  electric  portable  mine  lampp,  that  they  can- 
not be  used  as  detectors  of  mine  gases,  as  Davy  lamps  can, 
and  says  that  for  this  purpose  devices  distinctly  separate  from 


the  lamp  will  have  to  be  adopted. 


IT  IS  a  well-known  fact  that  a  considerable  number  of  mine 
explosions  wnth  their  enormous  losses  of  life  and  property  are 
caused  by  defects  and  improper  handling  of  the  so-called  miner's 
safety  lamps,  built  on  the  Davy  principle.  The  Bureau  of 
Mines,  for  instance,  mentions  in  one  of  its  reports  that  at  least 
two  disasters  in  this  country  in  1912  were  caused  in  this  manner, 
killing  more  than  a  dozen  men,  and  the  Prussian  Government 
states  that  during  the  decade  from  1902  to  1911  at  least  27 
per  cent  of  all  explosions  in  the  anthracite  mines  are  to  be 
blamed  on  these  lamps.  Therefore,  it  is  only  natural  that 
attempts  to  develop  a  portable  electric  safety  lamp  were  made 
quite  some  time  ago.  Satisfactory  results,  however,  have  only 
been  obtained  since  the  carbon  filament  lamps  were  superseded 
by  the  tungsten  lamps.  Due  to  their  high  economy  in  current 
consumption  they  pennit  the  reduction  of  the  battery  to  such 
an  extent  that  the  weight  and  size  of  the  portable  lamp  does 
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not  prevent  the  miner  any  more  from  moving  aroimd  freely 
in  performing  his  duties. 

General  Requirements 

Electric  safety  lamps  must  answer  the  following  requirements: 

Absolute  safety  against  ignition  of  mine  gases; 

Uninterrupted  production  of  a  steady  and  sufficient  amount 
of  light  for  at  least  one  shift; 

Absolutely  foolproof  design. 

Besides  this,  it  is  essential 

To  have  a  simple  and  durable  construction; 

To  keep  the  weight  at  a  minimum; 

To  facilitate  the  charging   and  inspecting  of  the   battery. 

Safety.  Careful  experiments  conducted  by  the  Bureau  of  Mines 
in  Pittsburgh  and  also  at  Gelsenkirchen,  Germany,  have  shown 
that  the  only  source  of  danger  in  a  portable  electric  lamp  is 
the  glowing  filament  of  the  incandescent  lamp. 

Sparks  obtained  by  the  breaking  and  establishing  of  the  elec- 
tric circuit  are  not  of  sufficient  strength  to  ignite  mine  gases, 
due  to  the  low  voltage  and  amperage  of  the  batteries  used, 
as  long  as  the  maximum  short-circuiting  ciurent  of  these  bat- 
teries does  not  exceed 

100  amperes  for  batteries  with  not  more  than  2.5  volts 
86  *         *  "  «       «         «       «     4  Q     « 

65  «  «  «  a        «  «        «     5Q     « 

45  «  «  «  a         «  «         «      gQ      « 

Therefore  it  is  not  necessary  to  provide  special  protection 
against  sparking  on  the  switch  and  on  the  connections  between 
battery  and  lamp. 

As  the  filament  under  normal  conditions  is  operated  in  a 
vacuum  and  enclosed  in  a  glass  bulb,  the  danger  of  igniting  mine 
gases  exists  only  in  case  this  bulb  is  smashed  without  the  fila- 
ment being  broken  at  the  same  time,  so  that  the  latter  continues 
to  glow  until  it  bums  out.  Several  absolutely  safe  methods 
can  be  employed  to  prevent  the  filament  from  glowing  after  the 
bulb  has  been  broken,  and  one  method  which  has  been  in  actual 
use  for  a  number  of  years  will  be  described  in  the  course  of  the 
paper. 

Steady  and  Sufficient  Light.  The  miners' (?W  safety  lamps  fur- 
nish a  flickering  light  of  about  0.8  c. p.  capacity,  which  rapidly  de- 
creases during  the  shift  to  about  one-half.  This  is  not  stifficient 
light  for  the  miner  to  perform  his  work  satisfactorily,  and,  ac- 
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cording  to  the  investigations  made  by  Dr.  T.  Lister  of  Llewellyn, 
England,  is  the  principal  cause  of  the  special  eyesicknesses 
(miner's  nystagmus)  with  which  miners  become  affected.  For 
this  reason  it  was  considered  advisable  to  equip  the  electric 
mine  lamps  with  incandescent  lamps  of  at  least  1.5  c.p. 

The  only  source  of  electrical  energy  which  will  produce  this 
amount  of  light  satisfactorily  for  at  least  one  shift  or  approxi- 
mately ten  to  twelve  hours  is  the  storage  battery,  primary  bat- 
teries for  such  an  output  being  entirely  too  large  for  use  in  port- 
able equipments.  Years  of  development  have  resulted  in  fairly 
satisfactory  batteries  and  it  seems,  in  the  present  state  of  the 
art,  that  the  lead  cell,  regardless  of  its  weight,  on  account  of 
its  comparatively  high  voltage  and  slow  drop  in  voltage  while 
discharging,  is  the  most  suitable  type. 

Foolproof  Design.  Miners'  lamps  are  exposed  to  extremely 
rough  handling  by  inexperienced  hands  and  the  least  me- 
chanical or  electrical  weaknesses  are  liable  to  result  in  a  failure 
to  supply  light.  The  following  are  about  the  most  important 
points  which  must  be  observed  in  a  successful  lamp: 

The  lamp  must  be  locked  so  that  the  miner  absolutely  cannot 
get  at  any  part  of  the  mechanism. 

It  must  bum  in  any  position,  even  under  water,  and  if 
dropped  on  solid  material,  such  as  rocks,  iron,  or  cement  from 
a  height  of  several  feet,  must  continue  to  operate. 

The  incandescent  lamp  bulb  must  be  thoroughly  protected 
so  that  it  is  almost  impossible  to  break  it. 

The  electrolyte  of  the  battery  must  not  leak  out. 

That  constructions  of  this  character  are  possible,  and  in  actual 
use,  will  be  shown  later  on. 

Lamp  Designs 

During  the  year  1912  prizes  were  offered  by  the  British 
Government  for  the  best  portable  electric  mine  lamp  and  not 
less  than  197  applicants  entered  into  competition  and  submitted 
samples.  After  careful  tests  extending  over  several  months,  the 
first  prize  of  $3000  was  awarded  to  the  makers  of  the  "Ceag"  lamp 
described  in  this  paper.  Since  this  lamp  has  also  been  ac- 
cepted by  practically  all  other  European  governments  and  was 
the  first  lamp  approved  by  the  Bureau  of  Mines,  answering  all  re- 
quirements, and  still  remains  today  the  only  approved  Aand  lamp, 
it  might  be  well  to  study  its  construction  carefully. 

Fig.  1  gives  an  idea  of  the  general  appearance  of  the  lamp. 
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The  incandescent  lamp  is  covered  by  a  heavy  glass  dome,  which 
is  protected  by  four  heavy  steel  rods  held  together  by  a  sheet 
steel  roof.  A  substantial  hook  is  attached  to  this  roof,  so  that 
the  miner  can  either  stand  the  lamp  on  the  ground  or  hang  it 
to  a  post  in  the  immediate  neighborhood  of  his  working  place. 
The  bottom  part,  made  of  heavy 
corrugated  galvanized  sheet 
steel,  contains  the  storage  bat- 
tery. By  turning  the  upper 
part  on  the  lower,  the  miner  can 
turn  the  light  on  and  off. 

The  construction  of  the  lamp 
is  easily  understood  from  a  sec- 
tion shown  in  Fig.  2. 

The  incandescent  lamp  /  rests 
in  a  socket  n,  which  is  pressed 
upward  by  a  spiral  spring  o 
against  another  spring  p  between 
the  bulb  and  glass  dome  b,  pro- 
viding a  complete  spring  support 
and  preventing  breakage, even 
with  the  most,  severe  shocks. 
Electric  connection  is  established 
for  one  pole  through  the  socket 


spring  o,  and  for  the  other  pole  by  anoihcr  smaller  spring  d  inside 
the  socket  spring,  and  insulated  from  it.  In  case  the  bulb  breaks, 
the  socket  spring  pushes  the  socket  upwards,  and  as  the  inner 
spring  does  not  expand  as  much  as  the  socket  spring,  the  circuit 
is  interrupted. 
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Lately,  another  safety  device  has  been  added,  but  is  not 
shown  in  this  illustration.  It  consists  of  a  fuse,  which  blows 
the  moment  the  bulb  of  the  incandescent  lamp  is  broken.  This 
eliminates  the  possibility  of  obtaining  sparks  or  getting  the  fila- 
ment to  glow  in  case  the  miner  should  attempt  to  push  the  bulb 
back  into  its  normal  position;  it  also  protects  the  battery  from 
being  short-circuited  for  any  length  of  time,  in  case  the  leads 
to  the  bulb  have  become  short-circuited  during  the  accident. 

As  stated  before,  the  upper  part  of  the  lamp  ttuns  on  the 
lower  part,  opening  and  closing  the  switch.  This  rotating  move- 
ment is  limited  by  a  soft  iron  pin  m,  which  acts  as  a  magnetic 
lock.  This  pin  can  be  withdrawn  in  the  charging  room  by  a 
strong  electromagnet,  and  when  this  is  done,  the  upper  and  lower 
parts  of  the  housing  separate,  and  the  battery  can  be  removed 
for  charging. 

The  storage  battery  consists  of  a  single  round  lead  cell  with 
concentric  electrodes  inside  of  a  celluloid  vessel  A  covered 
with  a  waterproof  lid  of  the  same  material.  Cylindrical  elec- 
trodes were  given  the  preference  over  flat  ones,  as  they  ^e 
stronger  and  therefore  stand  rougher  handling.  They  also  warp 
less,  so  that  in  charging,  the  current  density  can  be  increased  and 
the  length  of  time  correspondingly  decreased.  The  holes  in  the 
terminal  sockets  contain  bushings  made  of  acid-proof  metal, 
into  which  removable  terminals,  pi  and  p2y  are  fitted.  These 
terminals  are  pressed  upward  by  the  terminal  springs  Wi  and  W2 
against  the  contact  segments  iCi  and  1^2  of  the  switch,  carrying  in 
this  manner  the  current  to  the  incandescent  lamp.  Terminals  and 
springs  can  easily  be  taken  out  and  cleaned  by  washing  in 
warm  water,  a  very  imf)ortant  point.  The  use  of  non-removable 
springs  has  been  found  impractical,  as  they  are  very  difficult  to 
clean,  consequently  are  liable  to  corrode  and  break  easily. 
First-class  contact  springs,  however,  are  imperative  for  an  un- 
interrupted light  service. 

In  charging  storage  batteries  gases  develop,  which  must 
have  an  opportunity  to  escape.  It  is  therefore  impossible  to 
make  the  cells  airtight.  An  ordinary  opening,  on  the  other 
hand,  would  have  the  disadvantage  that  the  acid  would  run  out, 
in  case  a  cell  were  upset,  and  this  would  destroy  the  housing  of 
the  lamp.  In  order  to  overcome  this  difficulty,  the  center  of 
the  cell  is  equipped  with  a  celluloid  tubing  By  which  is  in  com- 
munication with  the  upper  part  of  the  cell,  where  all  gases  collect, 
by  means  of  a  small  side  tubing  F.     The  gases  therefore  can  pass 
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from  the  cell  through  the  side  tubing  F  and  finally  through  center 
tubing  C  into  the  open,  whereas  any  particles  of  add  carried 
along  by  the  gases,  will  deposit  in  cylinder  B.  Even  if  the  cell 
is  turned  upside  down,  no  acid  which  may  be  in  cylinder  B, 
or  any  other  acid,  can  escape.  In  other  words,  the  lamp  will 
bum  in  any  position,  without  the  add  being  able  to  leak  out. 
The  pnndpal  dimensions  of  this  lamp  are  as  follows:  The 
wdght  of  the  lamp  complete  is  about  5  lb.  (2} 
kg.);  its  hdght,  not  including  hanger,  is  10^  in. 
(26  cm.) ;  its  largest  diameter  is  3i  in.  (9.5  cm.). 
The  incandescent  lamp  consumes  0.85  amperes 
at  2  volts.  The  battery  has  a  capadty  of  16 
ampere-hours,  and  the  maximum  charging  cur- 
rent should  not  exceed  2  amperes.  To  meet  var- 
ious requirements  this  standard  design  is  not 
only  made  in  four  different  sizes,  ranging  in 
wdght  from  li  to  5  lb.  (J  to  21  kg.),  but  it  is 
also  made  with  two  storage  battery  cells  con- 
nected in  series,  resulting  for  the  entire  line  in 
capadties  ranging  from  four  to  sixteen  hours 
of  life  for  one  discharge  and  produdng  light 
from  0.75  to  3  c,p. 

Besides  this,  a  number  of  other  modifications  have  been 
developed,  so  that  mines  can  be  completely  equipped  today  with 
electric  safety  lamps,  wherever  a  pennanent  wiring  in  connection 
with  the  lighting  plant  is  impossible.  Lamps  are  made  for 
rescue  parties,  cages,  powder  magazines,  shaft  lighting,  shaft 
inspection,  loading  places,  blasting,  cars  and  locomotives  (head 
and  tail  lamps),  etc.  A  few  of  these  modifications  are  shown 
in  the  illustrations. 

The  standard  lamp,  being  of  the  "  lighthouse  "  type,  distri- 
butes its  light  uniformly  over  the  entire  surroundings.  The 
modification  shown  in  Fig.  ',i,  known  as  the  "  trip  "  lamp,  has  the 
incandescent  lamp  mounted  on  one  side  combined  with  a  re- 
flector concentrating  the  light  rays  in  one  direction.  This  de- 
sign is  mostly  used  for  inspection  trips  and  head  and  tail  lamps 
for  cars  and  locomotives.  It  is  made  in  the  same  capadties 
as  the  standard  lamp. 

The  "  shaft  "  lamp  illustrated  in  Fig.  4  is  arranged  with  an 
adjustable  arm,  on  which  the  incandescent  lamp  is  mounted, 
so  that  the  light  can  be  sent  in  any  desired  direction.  It  is 
made  for  from  8  to  24  c.p.  and  from  7  to  12  hours  of  life  for  one 
charge. 
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Fig.  5  represents  another  type  of  "  shaft  *'  lamp,  without 
an  adjustable  arm.  It  is  made  for  8  and  12  c.p.  and  for  15  and 
10  hours  of  life  for  one  charge. 

The  lamp  illustrated  in  Fig.  6  is  especially  suitable  for  places 
in  which  ordinary  illumination  is  not  sufficient.  It  is  made  for  8 
to  32  c.p.  and  for  a  life  of  7  to  15  hours  for  one  charge. 

The  lamps  so  far  described  were  designed  to  take  the  place  of 
the  Davy  safety  lamp,  which  is  in  use  in  gaseous  mines  all  over 
the  world.  In  this  country,  however,  the  designer  of  electric 
safety  lamps  is  confronted  with  another  problem  besides.  In 
a  great  many  mines  the  crews  have  and  still  use  *'  naked  "  lamps 
fastened  to  their  caps.  On  account  of  the  strict  enforcement  of 
the  mining  regulations  in  recent  years,  a  great  many  of  these 
mines  have  been  and  will  be  compelled  to  substitute  safety  lamps. 
It  is  only  logical  that  the  men  in  these  mines  clamor  for  a  type 
of  electric  lamp  which  is  as  near  identical  as  possible  with  the 
present  form  of  naked  lamp.  To  meet  this  demand,  electric 
cap  lamps  have  been  developed,  the  batteries  of  which  are  carried 
by  the  miner  on  his  belt  and  are  connected  to  the  lamp  by 
a  well-protected  special  flexible  cord.  This  lamp  is  shown 
in  Fig.  7. 

The  principles  of  construction  of  the  cap  lamp  (see  Fig.  8)  are 
identical  with  those  of  the  hand  lamp,  besides  several  new 
features  which  have  been  added.  One  is  that  the  incandescent 
lamp  is  mounted  inside  a  parabolic  reflector,  the  opening  of  which 
is  closed  by  a  lens,  instead  of  being  covered  with  a  glass  dome; 
another  is  a  ball  joint,  permitting  the  miner  to  direct  the  light 
rays  wherever  they  arc  needed.  The  third  feature  is  em- 
bodied in  the  flexible  conductors  connecting  battery  and  lamp. 
In  case  of  an  accident,  there  is  a  possibility  that  the  two  con- 
ductors may  become  short-circuited  and  therefore  red  hot,  event- 
ually setting  the  insulation  afire,  if  they  are  made  of  copper 
or  similar  material.  To  i)rcvent  this  a  special  alloy  has  been 
prepared,  the  melting  point  of  which  is  considerably  below  the 
temperature  which  is  required  to  ignite  insulation  or  mine  gas. 
Consequently,  if  a  short  circuit  should  take  place,  the  conductors 
would  melt  and  interrupt  the  circuit,  before  there  could  be  a 
possibility  of  danger. 

From  the  foregoing  description,  it  can  be  seen  that  portable 
self-contained  electric  mine  lamps  of  this  type  have  passed  the 
first  state  of  development,  and  if  one  considers  that  more 
than  one  hundred  thousand  are  in  daily  use  in  Europe,  ap- 
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Lamp  Service 

When  the  crew  leaves  the  mine,  the  lamps  have  lo  be  delivered 
to  the  lamp  room  for  recharging  and  cleaning.  For  this  pur- 
f/osc  the  magnetic  lock  has  to  be  opened,  so  that  the  battery 
can  be  removed  from  the  housing  and  placed  on  the  charging  rack. 
The  unlfxrking  is  accomplished  by  pushing  the  lamp  lock  against 
the  jxjlc  j/ieces  of  an  electromagnet  (sho\\'n  in  Fig,  9),  which 
lifts  the  soft  iron  pin  holding  the  upper  and  lower  parts  of 
the  housing  together. 

Special  charging  racks  have  been  designed  to  receive  the  bat- 
The  rack  shown  in  Fig.  10  is  intended  for  80  cells  con- 
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nected  in  two  series  of  40  each.  Each  circuit  is  equipped  with 
a  switch,  ammeter  and  rheostat,  so  that  the  operator  can  de- 
termine the  status  of  the  charge  at  any  time.  The  rheostats 
are  provided  with  a  surplus  of  resistance,  so  that  less  than 
forty  cells  in  a  series  can  be  charged,  if  necessary.  A 
portable  voltmeter  with  a  capacity  of  about  three  volts  is  pro- 
vided to  take  the  voltage  readings  on  the  individual  cells.  Cells 
are  charged,  ready  for  service,  when  their  voltage  reaches  a  value 
of  2.6,  When  more  than  eighty  cells  are  to  be  charged,  two, 
three  or  more  racks  can  be  combined,  and  all  the  cells  can  be 
charged  at  one  time. 


After  the  batteries  are  charged  and  the  contacts  and  housings 
have  been  carefully  cleaned,  the  lamps  are  reassembled  and 
hung  up  on  special  racks,  from  which  the  miners  remove  the 
lamps,  when  they  begin  a  new  shift. 

For  mines  using  a  large  number  of  lamps,  it  is  essential  that 
charging,  cleaning  and  repairing  be  handled  systematically 
and  with  proper  care.  For  this  reason  special  lamp  houses  are 
being  erected  on  the  same  general  principles  as  those  for  the 
Davy  safety  lamps,  but  simpler  and  cheaper,  because  it  is 
not  necessary  to  make  special  provision  for  the  safe  storage 
of  the  fuel,  like  benzine.  The  ground  plan  shown  in  Fig.  11 
represents  a  lamp  house  erected  for  4000  lamps.  It  consists 
of  a  building  about  128  by  33  ft.  {39  by  10  m.),  containing  a  charg- 
ing room  with  twenty  racks,  six  opening  magnets,  three  small 
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motors  £or  buffing  and  cleaning  and  a  small  distribution  board 
with  a  watt-hour  meter.  To  the  left  of  the  charging  room 
is  the  storeroom  for  receiving  the  lamps  when  they  are  ready  for 
service,  and  to  the  right  is  a  small 
shop  for  making  repairs.  Besides  this 
a  small  room  has  been  provided  for 
a  number  of  benzine  lamps,  which  are 
being  carried  for  the  fire  bosses,  and 
on  another  floor  a  washroom  for  the 
crew. 

Proper  care  of  the  lamps  has  con- 
siderable effect  on  the  reliability  of 
the  service.  One  of  the  large  Ger- 
man mines,  having  several  thousand 
electric  lamps  in  daily  use,  reports 
that  at  first  about  five  per  cent  of 
all  lamps  taken  into  the  mine  with 
the  beginning  of  the  shift  were  re- 
turned at  the  end  of  the  same  shift, 
either  burning  poorly  or  not  at  all. 
By  a  careful  study  of  all  details  in 
the  lamp  house  and  by  putting  a 
skilled  man  in  charge  of  the  lamp 
house  work,  this  percentage  has  been  reduced  to  less  than  1.5, 
with  the  expectation  that  it  will  soon  drop  below  one  per  cent. 
That  this  last-named  figure  is  not  an  exception,  is  verified  by 


the  Bullcroft  Main  Colliery  Company,  Ltd.,  Doncastcr,  England. 
This  company  has  more  than  10,000  lamps  in  daily  use  and 
reports  the  number  of  defective  lamps  per  shift  to  be  less  than 
one  per  cent. 
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The  investigation  of  these  defects,  if  they  amount  to  1.5  per 
cent,    shows  the  following: 

Dfftcls  caused  by  the  incandescent  lamps. 

Lamps  burning  dark 0.6  per  cent 

■  with  broken  filaments 0.2     ■       ■ 

■  ■         ■       bulbs 0.2     ■       ■ 

Total  incandescent  lamp  defects 1 .0  per  cent 

Dejects  caused  by  ike  batteries 

Batteries    leaking 0. 1  per  cent 

*         discharged  ahead  of  time 0. 3     *       * 

Total  battery  defects 0.4     ■       ■ 

Defects  due  to  other  causes 0.1     *       * 

Total  number  of  defective  lamps 1.5  per  cent 

Records  covering  cost  of  installing  and  operating  electric 
mine  lamps  in  this  country  are  not  available  to  any  extent,  be- 
cause the  number  of  lamps  installed  is  so  far  not  very  large  and 
the  time  during  which  they  have  been  in  operation  is  com- 
paratively short.  However,  it  should  be  possible  to  form  some 
idea  of  what  can  be  expected,  from  the  experience  in  Europe. 

Although  the  first  cost  of  electric  lamps  is  undoubtedly  higher 
than  that  of  benzine  lamps,  the  cost  of  operation,  including 
maintenance,  is  claimed  to  average  from  ten  to  fifteen  per 
cent  less  for  electric  lamps  than  for  benzine  lamps.  Whether 
the  same  results  can  be  obtained  in  this  country,  the  future 
will  have  to  decide.  It  may  be  added  that  the  cost  of  the  elec- 
trical energy  is  very  small  and  that  the  cost  of  maintenance 
consists  about  one-third  of  labor  and  two-thirds  of  renewal  of 
parts,    and   depreciation. 

Especially  of  importance  is  the  cost  of  renewing  the  electrodes 
of  the  storage  batteries,  replacement  of  complete  lamps,  which 
are  broken  on  account  of  rough  handling  and  accidents,  and 
renewing  the  incandescent  lamps. 

The  life  of  the  electrodes  for  lead  cells  ranges  from  about 
100  to  400  shifts,  depending  entirely  upon  the  treatment  which 
they  receive.  At  the  present  time  large  claims  are  being  made 
for  the  alkaline  cell,  which  is  supposed  to  last  as  long  as  2000 
shifts.  This,  however,  requires  verification  by  actual  tests. 
Besides  this,  it  must  be  borne  in  mind  that  the  higher  cost  of  the 
alkaline  cell,  the  necessity  of  using  two  cells,  in  series,  instead 
of  only  one  as  in  the  lead  battery,  and  the  increase  in  the  renewal 
of  the  incandescent  lamps,  due  to  the  large  variation  in  the  vol- 
tage, will  fully  wipe  out  this  apparent  advantage.  However, 
the  weightiest  argimient  against  this  claim  is  the  fact  that  the 
physical  life  of  mining  lamps  cannot  reach  2000  shifts,  as  shown 
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below,  and  that  the  natural  deterioration  of  all  parts  is  con- 
siderably below  this  limit. 

The  replacement  of  complete  lamps  which  are  broken  on 
account  of  rough  handling  and  accidents  undoubtedly  varies 
more  or  less  in  accordance  with  the  character  of  the  work  per- 
formed in  the  mine.  European  practise  shows  that  about  0.1 
per  cent  of  all  lamps  per  shift  are  lost  in  this  manner. 

The  incandescent  lamp  renewal  already  has  been  expressed 
in  figures,  in  connection  with  the  reliability  of  service.  Ex- 
cellent results  have  been  obtained,  the  average  life  of  the  lamps 
being  approximately   1000  hours. 

From  the  lamp  designs  and  the  lamp  service  as  described 
above,  it  can  be  seen  that  the  development  of  the  portable  electric 
mine  lamp  has  made  rapid  progress  during  the  last  few  years, 
and  since,  up  to  this  writing,  no  explosions  have  occurred  where- 
ever  installations  have  been  made,  it  can  be  said  without  ex- 
aggeration that  the  electric  mine  lamp  is  a  success  and  that  it 
is  bound  to  be  adopted  more  and  more. 

Of  course,  as  is  the  case  with  any  new  appliance,  objections 
have  been  raised  against  the  electric  mine  lamp,  especially, 
because  it  does  not  detect  inflammable  gases  as  the  Davy  safety 
lamp  does.  There  is  no  doubt  that  this  detail  will  be  overcome 
in  the  near  future,  as  there  are  several  principles  which  can  be 
used  for  the  construction  of  mine  gas  detectors.  In  fact,  the 
German  Government  only  lately  has  ordered  several  hundred  of 
these  devices,  constructed  in  accordance  with  the  directions  of 
Dr.  F.  Haber  on  the  acoustic  principle  and  known  as  '*  mine 
gas  whistles."  These  will  be  distributed  to  the  various  mines 
for  a  thorough  trial. 


1914]  DISCUSSION  AT  PITTSBURGH  397 

Discussion   on    "  Self-Contained  Portable  Electric  Mine 
Lamps  ''  (Swoboda),   Pittsburgh,  Pa.,    April    9,    1914. 

H.  H.  Clark:  The  first  requirements  of  portable  electric 
lamps  are  safety ,  and  the  capacity  for  uninterrupted  production 
of  a  sufficient  amoimt  of  light.  I  wish  to  emphasize,  however, 
that  from  the  viewpoint  of  the  mine  operator,  a  lamp  to  be 
successful  must  be  able  to  operate  day  after  day  with  a  reason- 
able amount  of  repairs  and  replacement.  If  this  is  to  be  accom- 
plished the  lamp  battery  must  be  a  very  sturdy  affair.  Failure 
of  the  battery  plates  will  result  in  annoying  delays  and  expensive 
repairs.  A  dependable  batter>^  is  indispensable  to  satisfactory 
performance. 

Another  part  of  the  equipment  that  is  most  important  is  the 
lamp  bulb.  The  cost  of  replacing  the  lamp  bulbs  will  be  one 
of  the  largest  items  in  the  cost  of  maintenance.  This  cost  will 
be  in  inverse  proportion  to  the  life  of  the  bulb.  So  far  as  I 
have  been  able  to  learn,  the  manufacturers  of  miniature  lamp 
bulbs  have  not  in  the  past  given  much  attention  to  developing 
the  life  of  the  bulb.  Up  to  the  present  time  the  demand  for 
battery  lamp  bulbs  has  arisen  from  the  extensive  use  of  dry 
battery  flash  lamps.  The  requirements  of  this  class  of  service 
are  apparently  not  the  same  as  the  requirements  of  the  class 
of  service  that  we  are  now  discussing.  At  all  events,  the  life 
that  flash  lamp  bulbs  give  has  not  impressed  me  as  being  as 
long  as  the  users  of  mine  lamps  have  a  right  to  expect.  Reports 
from  abroad  lead  us  to  believe  that  mine  lamp  bulbs  in  use  there 
have  a  life  of  500  to  1000  hours,  and  I  prestune  that  no  American 
manufacturer  would  admit  that  he  could  not  make  as  good 
bulbs  as  are  produced  in  Europe.  The  question  of  bulb  life 
was  one  of  the  first  problems  that  the  Bureau  of  Mines  took 
up  in  connection  with  its  investigation  of  portable  electric  mine 
lamps.  The  cooperation  of  bulb  manufacturers  was  sought, 
and  they  are  now  undertaking  to  ascertain  the  requirements 
of  mine  lamp  outfits  for  the  purjDose  of  producing  longer-lived 
bulbs. 

Just  now  the  electric  caj)  lamp  seems  more  in  demand  than 
the  hand  lamp  for  mine  service.  The  cap  lamp  requires  a 
flexible  cord  connection  between  the  battery  and  the  head- 
piece. The  design  of  this  cord  and  method  of  protecting  it 
from  abrasion  where  it  is  joined  to  the  battery  and  to  the  head- 
piece is  an  interesting  problem.  So  far  as  I  am  aware,  we  have 
no  European  precedent  to  guide  us  in  designing  this  cord  be- 
cause cap  lamps  have  not  been  developed  abroad.  I  have  no 
doubt,  however,  that  as  the  result  of  experience  in  actual  service, 
that  part  of  the  equipment  will  be  developed  satisfactorily. 

The  design  of  the  head-pieces  of  cap  lamps  is  a  matter  that 
should  not  be  overlooked  in  specifying  the  requirements  of 
mine  lamps.  It  is  important  that  head-pieces  should  be  de- 
signed and  constructed  so  that  cord  replacements  can  be  readily 
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made.  A  most  important  feature  in  head-piece  design  is  dis- 
tribution of  light.  The  light  cast  should  be  free  from  black 
spots  and  from  sharply  contrasting  areas  of  bright  and  faint 
iUimfiination,  and  it  is  especially  desirable  that  the  stream  of 
light  thrown  out  by  the  reflector  should  be  so  broad  that  shadows 
are  barely  discernible  on  either  hand  or  on  the  roof  or  floor. 

Mr.  Swoboda's  paper  makes  several  references  to  candle 
power.  I  should  like  to  ask  him  whether  these  figures  refer 
to  average  candle  power  over  the  stream  of  light,  or  to  meas- 
urements made  otherwise,  and  whether  with  or  without  a  re- 
flector. 

Mr.  Swoboda  mentions  an  average  life  of  bulbs  of  1000 
hours.  This  is  a  most  encouraging  and  significant  statement, 
and  I  should  be  glad  to  have  Mr.  Swoboda  tell  us  from  what 
source  this  information  was  obtained. 

H.  H.  Smith:  It  is  gratifying  to  see  that  the  storage  battery 
miners'  lamp  is  finding  its  place  on  the  programs  of  technical 
meetings  in  this  coimtry.  It  appears  from  what  Mr.  Swoboda 
has  said  that  in  Europe  they  have  advanced  with  the  miners' 
lamp  further  than  we  have  in  America.  He  has  also  pointed 
out  that  the  development  has  been  i  long  quite  different  lines. 
The  portable  lamp  which  contains  the  battery  within  its  case 
offers  quite  a  different  problem  from  that  of  the  lamp  used  as  a 
head-piece  with  the  battery  separate. 

I  feel  that  it  is  necessary  to  take  issue  with  Mr.  Swoboda 
with  reference  to  his  attitude  toward  the  alkaline  battery  for 
this  class  of  service.  On  one  of  the  slides  shown  on  the  screen, 
only  a  part  of  which  is  given  in  the  paper,  there  was  a  table  of 
operating  costs  in  which  you  may  have  noticed  that  something 
over  20  per  cent  is  charged  to  battery  renewals  and  replace- 
ments, and  about  35  per  cent  to  attendance;  or  altogether  more 
than  half  the  cost  of  operating  the  lamps.  The  alkaline  battery 
has  advantages  along  these  lines  which  I  believe  will  tend  to 
decrease  these  items  of  cost  so  as  to  more  than  compensate  for 
the  higher  cost  of  lamj)  renewals  claimed  by  Mr.  Swoboda — 
as  to  the  magnitude  or  importance  of  the  difference  in  lamp  life 
I  am  not  at  the  present  time  prepared  to  say. 

It  is  claimed  in  the  paper  that  a  batter>^  life  of  2000  shifts 
is  of  no  value  because  the  life  of  other  parts  of  the  lamp  is  less 
than  that.  Inasmuch  as  the  battery  is  a  distinct  imit  separable 
from  the  rest  of  the  apparatus,  it  is  not  clear  why  full  use  can- 
not be  made  of  its  longer  life,  the  value  of  which  is  important 
because  the  cost  of  the  batter^'  is  approximately  half  the  cost 
of  the  entire  outfit. 

In  regard  to  maintenance,  wc  all  know  how  careftdly  a  lead 
battery  must  be  handled  in  order  that  it  may  not  be  overcharged 
or  overdischarged.  The  charging  board  recommended  for  use 
with  the  alkaline  battery  is  so  arranged  that  no  meter  need  be 
used  in  connection  with  it,  no  rheostat  need  be  adjusted  and 
batteries  are  simply  slipped  under  a  pair  of  spring  contacts  and 
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left  there  as  long  as  desired.  It  makes  no  difference  if  it  be  left 
there  longer  than  is  necessary  or  for  a  shorter  time  than  is  re- 
quired, so  far  as  the  life  of  the  battery  is  concerned.  Upon  a 
battery  being  withdrawn  from  the  board,  a  resistance  is  auto- 
matically substituted  for  the  lamp,  which  is  designed  to  main- 
tain constant  the  current  flowing  through  the  circuit,  so  that  a 
battery  can  be  slipped  beneath  the  spring  contacts  or  with- 
drawn without  any  further  attention  to  the  board  being  required. 

I  have  here  a  battery  in  its  metal  container  which  is  designed 
to  be  strapped  at  the  miner's  waist  in  the  ordinary  manner. 
The  cover  of  the  container  is  secured  by  means  of  a  hasp  and 
locked  with  a  padlock  or,  if  desired,  by  means  of  a  magnetic 
lock.  The  cord  from  the  lamp  is  connected  with  the  battery 
by  means  of  a  special  plug  which  fits  into  a  corresponding 
socket  on  the  cover  of  the  lamp  container.  When  the  plug  is 
inserted  it  is  automatically  locked  by  means  of  a  spring  catch 
and  it  cannot  be  again  removed  imtil  the  cover  is  imlocked 
and  opened  and  the  catch  released  from  beneath.  The  lamp 
remains  lighted,  of  coiu*se,  as  long  as  it  is  in  the  miner's  pos- 
session. 

The  safety  devices  are  similar  in  effect  to  those  which  have 
been  already  described.  The  battery,  to  be  sure,  is  made  up 
of  two  cells,  but  inasmuch  as  there  are  only  two  cells  and  the 
containers  are  metal,  the  two  adjoining  poles  that  are  con- 
nected together  to  throw  the  cells  in  series  are  groimded  upon 
the  cans  and  the  cans  are  positively  connected  with  one  another, 
so  that  no  insulation  is  required  either  between  the  cells  or 
between  the  cells  and  the  container.  The  battery,  therefore, 
acts  as  a  single  unit  and  may  be  treated  as  such. 

The  cells  are  rendered  unspillable  by  means  of  the  special 
valve  construction.  The  valve  stem  extends  to  the  center 
of  the  cell,  at  which  point  it  is  open  for  the  emission  of  gases. 
The  normal  level  of  electrolyte  is  below  the  center  of  the  cell, 
and  therefore,  in  no  matter  what  position  the  cell  is  held,  the 
end  of  the  valve  stem  is  never  submerged. 

The  electric  lamp  is  a  boon  to  the  miner  and  is  likewise 
desirable  from  the  standpoint  of  the  mine  operator.  It  is 
inevitable  that  its  use  will  in  time  become  universal.  It  is, 
therefore,  our  plain  duty  to  ourselves  and  to  all  others  concerned 
to  work  together  for  this  end. 

R.  C.  Burrows:  In  regard  to  the  comparatively  high  voltage 
and  slow  drop  in  voltage  during  discharge  of  lead  cells,  I  would  like 
to  call  attention  to  the  lead  cell  using  a  paste  electrolyte.  This 
type  of  cell  does  not  have  the  slow  voltage  drop  during  discharge 
that  is  characteristic  of  the  lead  cell  using  a  liquid  electrolyte. 
This  is  due  to  the  increased  internal  resistance  of  the  cell  with 
discharge.  In  the  cell  with  which  I  have  had  experience,  this 
increase  in  internal  resistance  is  not  very  objectionable;  in  fact, 
the  discharge  characteristic  curve  lies  about  half  way  between 
that  of  the  lead  cell  with  a  liquid  electrolyte  and  the  alkaline 
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cell.  There  is  on  the  market  at  the  present  time  a  ver>'  cheap 
lead  cell  outfit  using  sawdust  saturated  with  sulphuric  acid  as 
an  electrolyte.  This  little  batter>',  as  far  as  I  have  gone  with  it, 
shows  up  very  favorably  as  to  discharge  characteristics  and, 
with  its  low  renewal  cost,  should  meet  a  demand  where  breakage 
is  high. 

As  to  advantages  of  the  alkaline  cell  as  outlined,  the  necessity 
of  using  two  cells  in  series  is  not  serious  from  the  standpoint  of 
increased  weight  and  the  life  of  the  incandescent  lamps  might 
possibly  be  increased  by  discharging  the  batter}'  through  rheo- 
stats until  the  voltage  reaches  a  fairly  constant  value. 

Regarding  the  figure  of  1000  hours  life  for  incandescent  lamps, 
it  is  a  fact  that  a  lamp  may  be  made  to  live  a  thousand  years, 
a  thousand  hours,  or  one  hour,  all  depending  upon  the  efficiency 
at  which  it  is  burned.  The  present  tungsten  lamps  would  live 
indefinitely  if  they  were  burned  at  an  efficiency  equal  to  the  best 
operating  efficiency  obtainable  for  the  old  carbon  lamp.  The  life 
of  incandescent  lamps,  then,  is  dependent  on  the  efficiency  at 
which  thev  are  burned  and  the  most  economical  efficiencv  must 
be  determined  from  a  consideration  of  all  the  factors  involved, 
such  as  fixed  charges,  interest,  depreciation,  renewal  of  lamps, 
cost  of  energy,  etc.  In  fact  in  practically  every  case  with  a  tung- 
sten lamp,  the  greatest  economy  of  light  production  is  obtained 
when  they  average  600  or  700  hours  instead  of  1000  or  more 
hotu^,  as  is  at  present  the  practise.  In  determining  the  length 
of  life  of  incandesc^ent  lamps  with  these  small  outfits,  we  must 
consider  the  total  cost  of  the  light  production  and  the  effect 
of  the  lamp  efficiency  on  the  weight  and  cost  of  the  battery.  The 
total  cost  of  light  production  is  not  given  a  great  deal  of  considera- 
tion as  a  rule,  but  it  is  nevertheless  of  importance  in  this  case. 
These  small  batteries  are  only  about  50  per  cent  efficient,  so  that 
the  effect  of  decrease  in  lamp  efficiency  on  the  output  of  the 
battery  should  be  multiplied  by  two  in  determining  the  most 
economical  efficiency.  The  fixed  charges  are  high,  due  to  the 
rapid  depreciation  of  the  cell,  interest  on  investment  of  the 
outfit  and  housing,  attention  necessary-,  cleaning,  etc.  If  the 
life  of  the  incandescent  lamp  had  been  determined  at  1000  hours, 
considering  the  cost  of  incandescent  lamp  renewals  and  energy 
alone,  then,  the  life  of  the  lamp  should  be  somewhat  less  than 
1000  hours,  taking  into  consideration  the  fixed  charges.  If  the 
ratio  of  fixed  charges  to  the  cost  of  the  incandescent  lamp  were 
eight  to  one,  the  most  economical  life  would  be  about  300  hours, 
instead  of  a  thousand  hours  as  stated  by  Mr.  Swoboda.  In  fact' 
this  figure  of  three  himdrcd  hours  was  adopted  by  the  Bureau 
of  Mines  in  their  proposed  specifications.  The  ratio  of  eight 
to  one  does  not  seem  to  be  particularly  high.  For  instance 
with  the  cost  of  lamp  as  35  cents,  the  fixed  charges  would  be 
$2.80  per  thousand  hours  burning,  or  for  about  one- third  of  a 
year. 

To  increase  the  life  of  the  lamp  from  200  hours  to  1000  hours 
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means  approximately  40  per  cent  increase  in  the  ampere-hour 
capacity,  or  from  30  to  40  per  cent  increase  in  the  battery  weight 
and  co^t. 

I  might  add  that  in  a  case  I  have  in  mind,  the  Ceag  lamps  for 
the  same  total  lumens  weigh  nearly  twice  as  much  as  an  Ameri- 
can outfit  which  uses  a  lamp  of  high  efficiency  with  a  life  of 
three   hundred   hours. 

H.  O.  Swoboda:  Answering  Mr.  Clark's  question  regarding 
candle  power  measured,  this  refers  to  the  lamps  with  ceflectors. 
I  received  this  statement  from  the  manufacttirers  of  the  Ceag 
lamp. 

Regarding  the  life  of  the  incandescent  lamps,  the  same  manu- 
facturers make  the  claim  of  having  had  lamps  bum  one  thousand 
hours.  The  same  statement  is  also  made  by  Mine  Assessor 
Schorrig  of  the  Prussian  Government,  in  one  of  the  papers  which 
he  delivered  in  Germany  last  year. 

Regarding  the  alkaline  battery,  mentioned  by  Mr.  Smith, 
I  foimd  that  two  cells  are  imdesirable  on  accotmt  of  the  com- 
plicated connections.  A  single  cell  is  much  simpler  in  this 
respect.  The  alkaline  battery  is  also  more  expensive,  as  far  as 
first  investment  is  concerned.  This  point  has  to  be  considered  very 
much,  because  the  lamps  in  actual  service  are  destroyed  very 
rapidly  and  have  to  be  replaced  very  often.  For  instance,  if 
the  first  investment  should  be  doubled  by  using  alkaline  batteries, 
it  would  mean  that  the  depreciation  charges  would  have  to  be 
increased  also  one  hundred  per  cent  and  that  will  counteract,  to 
some  extent,  the  advantages  which  are  claimed  from  charging 
without  instruments. 

Regarding  the  electrolyte  used  in  the  lead  battery  not  being  a 
liquid,  I  wish  to  state  that  the  electrolyte  of  this  battery  (Ceag) 
is  a  liquid.  It  is  common  dilute  sulphuric  acid,  such  as  is  used 
in  any   storage   battery. 
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THE  DEVELOPMENT  OF  THE  ELECTRIC   MINE 

LOCOMOTIVE 


BY    G.    M.    EATON 


Abstract  of  Paper 

The  paper  traces,  largely  by  means  of  pictures,  the  course 
that  has  been  followed  in  developing  the  mine  locomotive  to 
its  present  condition.  The  paper  is  limited  to  locomotives 
for  operation  in  coal  mines.  The  two  main  factors  which  have 
directed  the  development  are,  first,  the  demand  for  increased 
entry  capacity,  and  second,  the  exploitation  of  thin  seams. 
The  early  machines  were  high,  and  of  irregular  outline,  whereas 
later  machines  are  compact  and  strong,  yet  accessible,  and  easily 
inspected  and  overhauled.  Various  types  of  framing  are  il- 
lustrated. Locomotives  with  two  and  three  axles  in  rigid  wheel 
base,  and  also  tandem  locomotives,  are  shown  and  described. 
Reference  is  made  to  various  methods  of  connecting  the  motors 
by  which  the  adhesive  weight  is  used  to  full  advantage.  Gather- 
ing locomotives,  with  vertical  and  horizontal  reels,  both  axle- 
dnven  and  with  independent  electric  drive,  are  illustrated,  and 
some  of  the  problems  of  gathering  work  are  briefly  discussed. 
There  is  also  brief  reference  to  various  types  of  motors  with  differ- 
ent methods  of  lubrication,  as  well  as  some  reference  to  sleeve  vs. 
frictionless  bearings.  The  paper  closes  with  a  few  tendency 
curves,  and  attention  is  called  to  the  lines  of  future  development 
which  these  curves  apparently  indicate. 


THE  evolution  of  mine  haulage  has  been  directed  at  every  stage 
by  the  demand  for  increased  capacity.  This  clamor  for 
more  tons  at  the  tipple  is  successively  relegating  to  the  discard, 
both  man  and  animal  haulage. 

Available  headroom  plays  a  close  second  to  output  require- 
ments in  molding  the  development  of  the  locomotive  for  coal 
mines.  Wherever  the  seam  is  too  thin  to  permit  free  passage  for 
the  mule,  the  electric  locomotive  is  the  logical  solution,  and  as 
thicker  seams  are  worked  out  the  field  must  become  more  and 
more  monopolized  by  this  type  of  motive  power. 

The  thin  seam,  however,  is  not  the  only  logical  field  for  mine 
electrification.  In  fact,  the  earliest  applications  of  mine  locomo- 
tives were  made  for  service  in  thick  seams,  where  the  chief 
aim  was  increased  tunnel  capacity. 

Fig.  1  shows  the  first  locomotive  supplied  for  mine  service  in 
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1896  by  one  of  the  large  builders  of  this  class  of  machine.  It 
weighed  43,550  lb.  (19,754  kg.)  and  was  equipj)ed  with  two  75-h.p. 
motors  dri\'ing  through  double  reduction  gearing  and  side  rods. 
The  block  displacement  of  this  machine,  f.«.,  length  X  height  X 
width  =  582.5  cu.  ft.  (16.5  cu.  m.).  Block  displacement 
divided  by  h.p.  =  3.88  cu.  ft.  (0.114  cu.  m.)  per  h.p.  A 
modem  machine  equipped  \^^th  the  same  capacity  of  motors 
would  have  only  231  cu.  ft.  (6.48  cu.  m.)  block  displacement 
or  1 .54cu.  ft.  (0.043  cu.  m.)  per  h.p. 

This  is  a  measure  of  the  increased  demand  for  space  economy 
in  mine  locomotives.  This  particular  machine,  shown  in  Fig.  1, 
was  scrapped  April,  1913,  after  17  years  of  service. 

Fig.  2  shows  a  locomotive  produced  in  1913  and  is  presented  to 
empha.size  the  radical  improvement  over  Fig.  1.  A  few  of  the 
main  features  wherein  this  improvement  lies,  arc  listed  below: 

1.  Electrical  equipment  designed  for  mine  service. 

2.  Staunchness  of  general  construction. 

3.  Maximum  protection  of  apparatus,  without  sacrifice 
of  easy  inspection. 

4.  Single  reduction  gearing. 

5.  Low  height. 

6.  Short  overhang. 

7.  Compact  design. 

All  these  features  may  be  summed  up  as  those  contributing 
to  produce  a  machine  that  will  do  its  work  reliably  with  a  min- 
imum of  out-of-servicc  periods. 

Very  few  locomc)tivcs  of  the  scraggly  outline  shown  in  Fig.  1 
were  put  out  fr)r  coal  mining  service.  It  became  evident  at  an 
early  stage  of  ihc  development  that  a  mine  locomotive  must  be 
capable  of  withstanding  severe  collisions,  and  must  sustain  a 
minimum  of  damage  from  falling  roof  and  similar  emergencies. 
The  locomotive  design,  therefore,  soon  settled  down  to  an  iron- 
clad machine  with  motors  under  cover,  and  virtually  under  ar 
inverted  box.  This  was  for  many  years  considered  the  ideal  and 
only  way  to  build  mine  locomotives,  and  is  still  thus  regarded 
by  some  today.  Cast  iron  was  the  almost  universal  material  em 
ployed  in  the  locomotive  framing. 

Fig.  3  and  4  show  typical  machines  of  the  period,  the  first  wit! 
frames  inside  the  wheels,  and  the  second  \\4th  frames  outside  th< 
wheels.  Thus  far  the  locomotive  was  used  for  nothing  bu' 
main  haulage,  animal  haulage  being  practically  universal  fo: 
gathering.     This  was  a  rather  long-lived  stage  in  the  develop 
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ment  of  locomotive  framing.  The  causes  for  gradual  changing 
of  ideas  were  fundamentally  two.  First,  the  entry  of  locomotives 
into  gathering  service,  and  the  consequent  necessity  for  lighter 
locomotives  to  negotiate  flimsy,  rough  track  in  rooms,  and 
second,  the  demand  for  greater  strength  to  withstand  the  rough 
and  tumble  gathering  ser\'ice,  and  increasingly  severe  main  haul- 
age service. 

Sections  were  trimmed  smaller  and  more  care  was  taken  to  put 
the  metal  where  it  would  do  the  most  good.  It  was  the  nrealized 
that  it  would  be  an  excellent  plan  to  produce  locomotives  which, 
if  damaged  in  a  wTeck,  could  be  repaired  in  the  mine  blacksmith's 
shop.  Fig.  5  shows  a  locomotive  with  plate  and  angle  framing, 
which  meets  this  requirement  to  quite  a  degree.  Such  a  machine 
is  far  lighter  for  a  given  strength  than  a  cast  iron  frame  machine., 
There  is,  however,  a  rather  definite  maximum  weight  limit  beyond 
which  it  proved  to  be  poor  economy  to  push  this  type  of  machine. 
Larger  machines  when  laid  out  with  plate  and  angle  construction 
proved  to  have  such  high  weight  economy  that  it  was  necessary  to 
ballast  them  to  give  the  weight  required  for  adhesion,  and  when 
laid  out  with  cast  iron  members  the  strength  was  sufficient  for  all 
ordinary  requirements. 

A  step  further  with  this  general  type  of  construction  is  shown 
in  Fig.  6,  where  bent  flanges  replace  the  angles  shown  in  Fig.  5. 

In  case  of  a  collision  with  these  plate  steel  frame  locomotives,  a 
certain  amount  of  bending  and  buckling  may  occur,  but  the  fram- 
ing can  be  straightened  up  in  the  blacksmith's  shop,  and  the 
locomotive  returned  to  service  with  a  minimum  of  delay. 

Another  type  of  frame  which  is  extremely  substantial  and 
which  lends  itself  to  heavier  locomotives  consists  of  a  single  heavy 
rolled  steel  plate  cut  out  to  the  desired  shape.  This  type  of 
frame  is  practically  unbreakable,  and  it  has  bacn  used  quite  ex- 
tensively. 

A  very  interesting  combination  of  cast  iron  and  structural 
steel  frame  is  shown  in  Fig.  7.  Several  such  locomotives  have 
been  turned  out  and  have  given  good  service.  In  case  of  a  bad 
crumpling  of  the  frame,  the  operator  can  secure  a  commercial 
angle  and  bar  or  he  can  carry  a  length  of  each  in  stock  and  can 
make  quick  repairs  on  the  ground . 

If  the  end  casting  breaks  he  can  secure  a  new  one  and  make 
replacement  himself  without  an  extensive  disassembly  of  his  ma- 
chine. He  can  also  lengthen  the  locomotive  wheel  base,  should 
he  so  desire. 
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The  next  step  was  the  cast  steel  bar  frame  sho^iTi  in  Fig.  2. 
This  frame  has  been  thoroughly  demonstrated  in  steam  locomo- 
tives and  in  electric  locomotives  for  main  trunk  line  railways.  Its 
main  advantages  have  been  stmimarized  under  Fig.  2.  *Pigs.  8, 9, 
10,  and  11  show  the  convenience  with  which  such  fundamental 
parts  as  brake  shoes,  armature  bearings,  oil  wells,  commutators, 
etc.,  can  be  inspected  and  maintained.  The  motor  is  open  to  air 
circulation  and  will  therefore  perform  a  given  all-day  service  with 
less  temperature  rise  than  when  operating  in  a  more  nearly  en- 
closed space.  For  piuposes  of  quick  production  the  cast  steel 
bar  frame  was  at  first  considered  inadaptable.  If  a  large, 
special  steel  casting  must  be  made  for  each  new  locomotive, 
quick  production  is  difficult.  Fig.  12  shows  a  locomotive  with 
cast  steel  bar  frame  in  which  two  pedestal  openings  at  the  left- 
hand  end  are  cast  in  embryo,  as  it  were.  By  machining  out  the 
lower  chord  of  the  frame  in  the  wake  of  the  proper  pedestal  opening, 
the  same  casting  can  be  used  for  either  inside  or  tandem-hung 
motors.  This  casting  is  also  designed  to  suit  either  inside  or 
outside  frames.  These  castings  can  then  be  carried  in  stock  in 
the  more  popular  sizes  of  locomotive  and  comparatively  quick 
shipments  are  possible.  This  type  of  frame  lends  itself  to  a  cer- 
tain amount  of  repair  at  the  mine.  It  is,  however,  based  more 
particularly  on  the  principle  of  making  a  frame  that  will  resist 
damage  to  a  greater  degree  than  plate  and  angle  construction, 
at  some  sacrifice  of  the  ease  of  making  permanent  local  repairs. 
A  bent  frame  can  be  heated  and  straightened  at  the  mine  forge. 
The  chance  of  a  frame  breaking  is  very  remote,  in  fact,  out  of  the 
large  number  of  locomotives  with  this  type  of  frame  produced 
to  date  by  one  large  concern,  only  one  case  of  cracked  frame  has 
been  reported.  This  occurred  in  a  severe  collision,  and  the  frame 
was  replaced. 

In  steam  locomotive  practise,  the  great  length  of  the  cast  steel 
frames,  and  the  heavy  strains  incidental  to  high  speed  and  high 
power,  cause  considerable  frame  breakage.  Welding  by  either 
the  thermit  or  the  electric  process  proves  very  satisfactory,  and 
could  be  employed  in  the  event  of  breakage  in  mine  service.  The 
thermit  process  would  be  the  most  practical,  especially  in  small 
operations,  on  account  of  the  simplicity  of  the  necessary  equip- 
ment. 

To  meet  the  demand  for  the  maximum  drawbar  pull  with  a 
minimiun  of  weight,  a  variety  of  types  of  locomotives  has  been 
introduced.     The  first  locomotive  illustrated  in  Fig.  1  shows  one 
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effective  method,  namely,  the  coupling  of  the  axles  by  means  of 
side  rods.  In  this  machine,  rod  drive  was  adopted  as  a  ready 
means  of  applying  standard  industrial  motors  rather  than  for  the 
purpose  of  securing  maximum  drawbar  pull. 

Fig.  13  shows  a  locomotive  equipped  with  a  single  motor  geared 
to  one  axle  and  rod  connected  to  the  other,  to  secure  the  total 
weight  for  adhesion.  In  this  type  of  machine,  the  advantage  of 
simplicity  and  smaller  number  of  parts  is  secured  with  the  sacri- 
fice of  the  advantage  of  the  series  parallel  connection. 

The  same  general  result  is  secured  by  connecting  the  axles  of  a 
single-motor  locomotive  by  one  or  by  two  chain  and  sprocket 
systems,  instead  of  by  side  rods. 

Another  method  consists  of  gearing  a  single  motor  directly 
to  both  axles.  The  motor  may  have  its  shaft  parallel  with  the 
axles  with  double  reduction  spur  gearing,  as  shown  in  diagram 


1  Fig.  14,  or  the  motor  shaft  may  be  longitudinal,  with  bevel 


In  all  of  thcso  arrangements,  the  reduced  complication  o£  the 
single  motor  is  more  or  less  offset  by  the  great  complexity  of  the 
transmission  system. 

In  the  early  locomotives,  cast  iron  wheels  with  chilled  treads 
were  universal.  The  introduction  of  steel-tired  wheels  was 
first  made  to  secure  a  longer  wheel  life.  These  wheels,  however, 
also  contributed  the  advantage  of  greater  adhesion,  particularly 
with  sand.  The  ultimate  possibility  in  drawbar  pull  with  a  given 
weight  of  locomotive  is  of  course  the  rack  rail  machine. 

In  the  pursuit  of  greater  capacity  on  a  given  gage,  or  to  suit  a 
fixed  cross-section  of  entry,  the  next  logical  step  after  maximum 
drawbar  pull  is  secured  from  two  axles,  is,  in  mine  service,  as 
in  trunk  line  locomotives,  the  addition  of  more  axles.  The  his- 
tory of  the  mine  locomotive,  however,  is  different  from  the  trunk 
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line  machine  in  that  the  first  step  which  was  broadly  applied  in  the 
mine  locomotive  was  from  two  axles  to  four  axles  and  later,  in  a 
few  cases,  to  three  axles.  This  of  course  was  due  to  the  almost 
universal  existence  of  sharp  curves  that  strictly  limited  the 
available  wheel  base.  Fig.  15  shows  a  tandem  locomotive. 
This  particular  machine  is  not  necessarily  permanently  coupled. 
It  is  equipped  with  a  single  controller  on  the  left-hand  half, 
which  handles  all  four  motors.  Flexibility  of  operation  is  se- 
cured by  equipping  the  right-hand  half  with  a  controller  capable 
of  handling  two  motors  only. 

The  locomotives  can  thus  be  operated  as  single  or  double  units 
according  to  the  exigencies  of  the  service.  Also,  in  case  of  injury 
to  one  half,  a  minimum  of  reduction  of  mine  output  occurs. 

When  the  main  entry  is  laid  out  with  liberal  curves,  it  is  pos- 
sible to  have  three  axles  arranged  in  a  single  long  rigid  wheel 
base.     Fig.  16  shows  a  locomotive  of  this  class. 

In  developing  low  coal  veins  it  becomes  important  to  keep 
down  the  over-all  height  of  the  locomotive  to  an  absolute  minimum . 
Fig.  17  shows  a  locomotive  in  which  the  flange  of  the  wheel  is  the 
highest  part  of  the  machine.  These  low  locomotives  are  of  course 
particularly  desirable  where  bad  roof  conditions  make  it  inad- 
visable to  blast  down  the  roof  to  secure  added  head-room.  Such 
machines  are  also  advantageous  in  gathering  from  low  rooms,  as 
lack  of  head-room  makes  it  difficult  for  men  to  push  out  the  cars. 
This  brings  up  the  general  subject  of  gathering  locomotives. 

At  first  the  gathering  locomotive  was  simply  a  small  edition 
of  the  main  haulage  machine.  Such  a  locomotive  of  course  re- 
quires in  the  rooms  steel  rails  more  or  less  effectually  bonded, 
and  a  trolley  wire. 

For  various  reasons  it  is  often  undesirable  to  introduce  these 
features  into  the  rooms.  The  cause  may  be  danger  to  the  miners, 
gaseous  condition  of  the  mine,  or  expense.  These  objectionable 
features  are  partially  overcome  by  equipping  the  locomotive 
with  a  reel  carrying  a  single-conductor  cable,  as  shown  in  Fig.  18, 
and  running  steel  rails,  but  no  trolley  wire  into  the  rooms.  A  still" 
further  elimination  is  secured  by  fitting  the  reel  with  a  double- 
conductor  cable,  when  unbonded  steel  rails,  or  wooden  rails, 
can  be  employed.  With  wooden  rails,  the  locomotive  weight  is 
practically  limited  to  about  five  tons. 

Another  method  of  eliminating  the  undesirable  features  is  the 
application  of  the  storage  battery  to  the  gathering  locomotive. 
This  is  a  comparatively  recent  development,  but  with  the  modem 
storage  battery  with  its  ability  to  resist  mechanical  shocks,  the 
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locomotives  of  this  class  have  given  promise  of  being  thoroughly 
practical. 

The  locomotive  can  gather  from  the  rooms  without  entering 
them  if  a  traction  reel  or  crab  is  installed  on  the  locomotive,  as 
shown  in  Fig.  19.  This  type  of  locomotive  can  haul  cars  from  the 
rooms,  but  of  course  cannot  deliver  empties  to  the  face. 

A  comparatively  small  number  of  locomotives  have  been  pro- 
duced on  which  both  types  of  reel  are  applied. 

The  earliest  form  of  cable  reel  was  driven  from  one  axle  by 
a  chain.     Two  general  types  are  in  use,  one  with  its  axis  vertical, 
as  shown  in  Fig.  20,  and  the  other  with  its  axis  hori2X)ntal  as  in 
Fig.  18.     Both  have  an  inherent  weakness.     When  the  rooms 
dip  to  the  entry,  it  is  necessary  to  brake  the  locomotive  when 
bringing  the  car  out.     If  the  wheels  from  which  the  reel  is  driven 
slip  on  the  rail,  the  cable  slackens,  and  is  liable  to  be  run  over  and 
cut  in  two.     To  overcome  this,  two  types  of  reel  have  been  pro- 
duced, one  with  long  clock  springs,  which  arc  wound  up  on  entering 
and  which  unwind  and  recover  the  cable  on  the  return.     A  later 
general  type  is  driven  by  an  independent  motor  which  is  con- 
nected across  the  line  through  a  resistance  and  is  in  effect  an 
electrical  spring. 

There  are  here  as  in  the  case  of  the  axle-driven  reel  the  vertical 
axis  type  and  the  horizontal  axis  type  as  in  Fig.  21.  In  the 
latter  type  the  armature  is  inside  the  reel.  Fig.  22  shows  the 
method  of  removing  an  annatun*.  The  resistance  used  with  this 
type  of  reel  is  the  heater  type  of  resistance  where  the  resisting 
element  is  mica-insulated  and  hermeticallv  scaled  in  a  steel  tube. 
A  traction  reel  with  bevel  ^car  drive  is  shown  in  Fig.  23  in 
rather  more  detail  than  in  Fig.  19.  The  reel  can  haul  through  an 
angle  of  slightly  over  180  (leg.,  or  over  90  deg.  from  the  track 
on  either  side. 

As  locomotive  developmont  has  been  perfected,  attention  has 
focussed  more  and  more  on  facility  in  overhauling.  For  example, 
in  the  early  types  of  locomotive  with  frames  outside  of  the  wheels, 

• 

It  was  necessary  in  order  to  remove  a  journal  box,  to  drop  the 
axle  or  jack  the  locomotix'c  till  the  l)ox  was  entirely  clear  of  the 
side  frames.  Fig.  4  showed  a  locomotive  where  this  is  necessary. 
>'arious  designs  were  later  adopted  where  this  is  avoided.  Fig.  8 
shows  another  solution  where  the  ])C'destal  gibbs  are  interrupted 
and  when  the  locomotive  is  jarked  sufhciently  to  slack  the  spring 
the  segmental  pedestals  are  out  of  mesh  and  the  box  will  slide 
out  freely.  This  feature  is  rei)resentative  of  many  details  that 
have  been  similarly  improved. 
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As  has  been  previously  stated,  the  earliest  locomotives  were 
electrically  equipped  with  apparatus  designed  for  other  types  of 
service.  As  the  electrification  of  mines  gained  headway,  it 
became  evident  that  the  severity  of  the  service  demanded  more 
sturdy  equipment.  The  motors  received  the  first  attention. 
Some  of  the  leading  types  will  be  reviewed.  The  motor  used  on  the 
locomotive  shown  in  Fig.  1  was  a  bipolar  type  and  is  shown  in 
Fig.  24.  Fig.  25  shows  a  motor  split  through  the  axle.  A  very 
large  number  of  locomotives  are  running  with  motors  of  this 
class.  The  overhauling  of  such  motors  and  particularly  the 
renewal  of  axle  bearings  is  more  difficult  than  with  many  of  the 
later  designs.  This  motor  in  common  with  all  the  earlier  types  is 
arranged  for  grease-lubrication  of  both  axle  and  armature  bearings. 
Such  bearings  in  general  require  the  addition  of  lubricant  at 
least  once  a  day,  and  sometimes  much  oftener.  With  proper 
attention,  however,  they  have  given  very  good  results. 

Fig.  26  shows  a  motor  with  independent  axle  caps.  Both  axle 
caps  and  suspension  attach  entirely  to  the  lower  half  of  the  frame. 
This  permits  of  ready  overhauling  of  the  motor.  The  excellence 
of  this  general  arrangement  was  first  proved  in  city  and  inter- 
urban  railway  service  and  it  proved  equally  successful  in  mine 
service  and  has  been  widely  adopted. 

The  great  advantage  of  oil  and  waste  lubrication  over  the 
earlier  grease  lubrication  was  proved  in  the  street  railway  motor. 
Its  wide  success  in  this  field  led  to  its  introduction  into  mine  ser- 
vice.    Fig.  27  shows  a  mine  motor  so  equipped. 

This  experiment  was  entirely  successful  and  .was  also  widely 
adopted.  This  form  of  lubrication  in  combination  with  high- 
grade  bronze  bearings  is  in  fact  so  thoroughly  successful  that  it 
is  still  considered  by  some  locomotive  builders  to  be  the  best  all- 
around  solution.  In  one  complete  line  of  motors  that  has  been 
on  the  market  for  some  years,  there  has  been  no  case  reported 
where  this  type  of  bearing  has  failed.  Other  builders  in  dis- 
carding grease  bearings  have  standardized  on  various  well-known 
types  of  ball  or  roller  bearings.  It  is  to  be  hoped  that  the  com- 
parative merits  of  the  two  general  types  of  sleeve  versus  friction- 
less  bearings  will  be  brought  out  in  the  discussion. 

In  addition  to  the  mechanical  improvements  of  the  motor, 
the  electrical  designs  have  made  a  great  advance.  The  most 
notable  feature  has  been  the  addition  of  commutating  poles. 
This  is  of  particular  advantage  in  mine  service,  where  there  is 
little  or  no  coasting,  so  that  there  is  no  chance  to  polish  the  com- 
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mutator.  In  such  service,  the  best  of  commutation  is  essential. 
Fig.  27  shows  a  typical  arrangement  of  motors  with  commutating 
poles. 

The  motors  of  today  are  designed  with  particular  reference  to 
securing  a  high  continuous  rating,  since  this  means  the  greatest 
tonnage  delivered  at  the  tipple. 

In  the  early  days  the  resistance  gave  a  great  deal  of  trouble. 
Various  forms  of  cell  and  ribbon  type  resistance  were  employed. 
These  were  gradually  superseded  by  grid  resistance,  till  today 
this  is  the  accepted  standard.  The  first  introduction  of  grid 
resistance,  however,  was  by  no  means  the  solution,  and  both 


Fig.  28 


Fig.  29 


manufacturers  and  operators  could  fill  an  evening  with  liarrowing 
reminiscences  of  grid  resistance  grief. 

The  first  controllers  applied  to  mine  locomotives  were  series- 
parallel  or  ty|)e  K  controllers.  The  size  and  particularly  the 
height  of  this  type  caused  the  early  adoption  of  the  rheostatic 
or  type  R  controllers.  The  early  R  controllers  were  without 
means  for  series- i)aralleling  the  motors.  The  reverse  drum  was 
later  modified  to  include  a  series- parallel  switch.  The  next  im- 
provement was  the  incorporation  of  means  to  make  it  more  diffi- 
cult to  buck  the  motors.  Magnetic*  blowouts  have  been  used  on 
all  these  controllers. 

Fig.  28  shows  an  early  form  of  trolley  which  was  widely  used. 
This  was  later  .superseded  by  the  trolley  shown  in  Fig.  29.     The 
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principal  changes  which  were  made  in  this  latter  trolley  were  for 
smoothing  out  the  contact  pressure  curve;  that  is,  a  propor- 
tioning of  the  operating  mechanism  details,  so  that  within  the 
working  range  the  pressure  on  the  trolley  wire  would  remain 
approximately  constant,  regardless  of  the  height  of  the  trolley. 


-^TFF^fl 


The  trolley  was  also  arranged  so  that  pressure  of  the  wheel  on  the 
wire  could  be  adjusted  without  any  overhauling  of  the  trolley. 

Fig.  30  shows  a  form  of  trolley  specially  adapted  for  use  with 
high  cars  where  the  other  forms  of  trolley  strike  the  car  or  the 
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coal  in  the  car.  Tliis  trolley  is  also  adapted  for  use  in  the  iron 
mines. 

Many  other  detail  developments  could  be  pointed  out,  but  it 
seems  preferable  for  these  to  be  broutcht  out  in  the  discussion. 

The  following  curves  show  roughly  the  trend  of  the  times  in  a 
few  Hues  of  development.     These  cur\'es  are  based  entirely  upon 
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the  locomotives  built  by  one  manufacturer,  but  it  is  believed  that 
they  are  fairly  representative. 
The  curves  in  Fig.  31  show  the  maximum  and  minimum  weight 
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in  pounds  for  locomotives  shipped  each  year  from  1896  to  1913 
inclusive. 

In  connection  with  the  maximum  curve,  it  is  interesting  to 
note  that  the  first  mine  locomotive  ever  shipped  by  this  partic- 
ular builder  is  the  heaviest  it  has  ever  put  out.     This  was  a 
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three-axle  machine,  ami  is  therefore  not  included  in  this  curve. 
There  is  no  pronounced  tendency  of  the  maximum  curve.  In 
1899  a  two-axle  locomotive  was  built,  weighing  approximately 
40,000  lb.,  (IS,1 43.7  kg.)  and  several  of  about  the  same  weight 
have  been  built  since  that  time.     This  limit  has  held  for  so  long 
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in  coal  mine  service  for  this  type  of  locomotive,  that  it  seems  to 
be  pretty  definitely  settled. 

The  minimimi  weight  locomotive  has  had  less  sharp  variations. 
This  is  natural  because  far  more  locomotives  of  this  size  are  re- 
quired, and  many  are  put  in  service  every  year.  The  minimum 
weight  locomotive  also  established  itself  in  1899.  It  will  be  noted 
that  improved  frame  constructions  have  in  the  smallest  locomo- 
tives been  capitalized  in  the  shape  of  increased  factor  of  safety 
and  more  powerful  equipment  instead  of  in  decreased  weight. 

The  curves  in  Fig.  32  show  the  maximum  and  minimum  height 
from  rail  to  top  of  frame,  for  each  year.  The  maximum  height 
curve  shows  a  rather  definite  climbing  tendency.  If  the  one  high 
spot  in  1899  were  absent,  this  tendency  would  be  more  definitely 
pronoimced.  It  looks,  however,  logical  to  expect  higher  loco- 
motives. 

The  minimvuTi  height  curve  is  getting  very  close  to  the  hori- 
zontal. It  seems  probable  that  no  radical  decrease  is  to  be  ex- 
pected, as  there  is  great  inherent  difficulty  in  operating  these 
exceedingly  low  machines. 

The  curve  in  Fig.  33  shows  in  a  striking  manner  how  power  has 
been  crowded  into  a  continually  smaller  space.  The  term  power 
is  used  advisedly  although  the  curve  is  based  upon  tractive 
effort,  because  the  speeds  involved  in  the  years  vary  very  little. 

The  general  tendency  of  this  curve  would  seem  to  justify  the 
expectation  of  a  gradual  increase  in  tractive  effort,  relative  to 
gage,  while  the  plotted  points  if  faired  up  for  tractive  effort  rela- 
tive to  height,  offer  little  hope  of  radical  improvement  with  two- 
axle  locomotives.  Inherently,  it  is  possible  to  double  the  height 
of  the  curve  by  using  tandem  locomotives.  An  attempt  was 
made  to  show  actual  results  with  tandem  machines,  but  so  few 
have  been  made  that  the  plotted  results  are  jagged  and  show 
no  tendency  that  can  be  profitably  analyzed. 

This  brief  discussion  of  the  curves  is  offered  only  for  what  it 
is  worth  and  not  as  a  prophecy. 
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Discussion  on  "  The  Development  op  the  Electric 
Mine  Locomotive  "  (Eaton),  Pittsburgh,  Pa.,  April  10, 
1914. 

W.  W.  Miller:  Referring  to  Mr.  Eaton's  paper,  it  may  be  of 
interest  to  note  that  a  mine  locomotive  of  14,000  lb.  weight  with 
a  single  motor  chain  drive  was  built  in  1886,  and  installed  in 
the  anthracite  field.  This  locomotive  was  in  daily  operation 
imtil  1909,  and  although  preserved  since  then  for  its  associations 
and  historical  interest,  it  is  still  used  in  the  mines  whenever 
required  by  emergencies. 

While  the  cast  steel  bar  frame  mentioned  may  permit  a  design 
of  less  weight  to  meet  stresses  applied  in  certain  assimied  direc- 
tions, it  is  believed  that  the  rolled  plate  frame  is  better  adapted 
to  withstand  the  abnormal  and  unforeseen  stresses  due  to  (Jerail- 
ments,  collisions,  etc.  Moreover,  in  all  of  the  more  usual  sizes, 
i,e  .five  to  six  tons  for  gathering,  and  ten  tons  or  heavier  for  main 
entry  service,  weight  is  fixed  by  drawbar  pull  requirements  and 
not  by  mechanical  design,  or,  in  other  words,  it  is  necessary  to 
"  ballast  "  the  locomotive. 

With  the  rolled  plate  frame,  this  ballasting  is  accomplished  by 
increasing  the  power  section,  thereby  maintaining  the  weight 
distribution  over  the  axles  and  making  the  locomotive  power  so 
much  the  stronger  and  more  stable.  Ballasting  by  means  of 
heavy  cast  iron  bumpers,  as  is  sometimes  resorted  to  with  the 
cast  steel  bar  frame,  has  the  disadvantage  of  causing  unnecessary 
power  stresses  and  giving  a  strong  tendency  to  tUt,  unless  the 
wheel  base  is  of  more  than  the  usual  length.  Also  the  integrity 
of  metal  in  the  rolled  plate  frame  is  believed  to  be  superior  to 
the  best  of  castings.  It  might  be  well  to  state  that  some  of  the 
rolled  steel  frames  I  have  seen  are  from  five  to  six  inches  thick, 
and  ballasted  by  means  of  heavy  cast  iron. 

Because  of  limited  clearances  in  haulage  ways,  it  is  desirable  in 
the  interests  of  safety  first  that  a  smooth  unbroken  surface,  which 
cannot  catch  clothes  or  tools,  and  which  does  not  allow  trip 
riders  or  miners  to  ride  on  the  side  at  the  risk  of  life,  should  be 
presented  by  a  passing  locomotive.  The  rolled  plate  frame  with 
all  bolt  heads,  etc.,  countersimk  fulfils  this  condition  admirably. 

While  in  some  designs  the  openings  of  the  cast  steel  bar  frame 
may  be  utilized  as  hand  holes,  all  main  adjustments  must  still 
be  made  from  above,  consequently  it  would  seem  that  the  les- 
sened protection  to  the  equipment  has  not  brought  with  it  a 
compensating   increase   in    accessibility. 

The  expression  '*  frictionless  ''  as  applied  to  bearings  of  the  ball 
type  in  contradistinction  to  the  usual  sleeve  type,  does  not 
emphasize  their  most  important  characteristic.  While  ex- 
perimental tests  seem  to  indicate  considerably  better  starting 
torque  due  to  their  use,  and  it  would  seem  reasonable  that  their 
lower  friction  coefficient  would  save  something  in  full  speed 
operation,  their  most  important  quality  is  in  maintaining  the 
absolute  integrity  of  the  motor  air  gap. 
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Few  people  realize  what  a  large  proportion  of  armature  and 
commutator  troubles  have  their  inception  in  bearing  wear. 
With  ball  bearings  in  a  properly  designed  housing,  so  that  they 
are  dust  protected,  and  with  even  fair  attention  to  lubrication, 
the  wear  is  entirely  negligible.  Recent  inspection  of  such 
bearings  after  20,000  miles  of  locomotive  operation,  showed  wear 
that  could  be  measured  only  in  the  ten-thousandths  of  an  inch. 

C.  W.  Beers:  I  am  very  much  interested  in  Mr.  Eaton's 
paper  on  electric  mine  locomotives,  and  as  they  are  important 
factors  in  the  production  of  coal,  I  would  like  to  refer  to  some  of 
the  features  which  I  consider  to  be  essential  to  good  locomotives. 

As  to  the  locomotive  cover,  it  was  originally  made  of  wood, 
resting  snugly  on  offsets  in  the  side  frames.  In  time  these 
wooden  covers  would  swell  and  cause  trouble.  A  scheme  that 
I  have  adopted  with  apparent  benefit  is  similar  to  the  cover 
shown  in  Fig.  2  of  Mr.  Eaton *s  paper,  except  that  each  cover 
piece  extends  over  the  side  frames  about  two  inches  on  each  side. 
The  cover  plates  are  so  supported  on  circular  supports  that 
they  are  about  one  and  one-half  inches  above  the  side  covers. 
This  is  a  very  good  plan,  as  it  gives  free  vent  to  the  heat  that  is 
generated  and  permits  the  locomotive  to  cool  more  quickly. 

I  have  foimd  that  the  ordinary  cover  on  the  main  journal 
bearings  is  not  a  satisfactory  device  for  keeping  out  the  grit, 
sand,  etc.,  from  the  brasses,  as  in  time  this  lid  will  not  close  pro- 
perly, and  hence  the  wash  and  sand  from  the  locomotive  will 
find  an  entrance.  This  causes  a  rapid  wear  of  the  brasses,  and 
a  tapering  wear  on  the  axle.  To  overcome  this,  I  have  adopted 
the  plan  of  having  this  cover  lid  arranged  to  bolt  fast  to  the 
bearing,  and  so  far,  I  have  found  it  to  work  out  satisfactorily. 

The  old  method  of  running  the  cables  from  the  controller 
to  the  rheostat  and  motor  was  very  unsatisfactory,  as  the  cables 
would  bunch  on  top  of  the  motor  and  the  vibration  would  damage 
the  insulation.  To  overcome  this  feature,  I  have  arranged  on 
our  later  locomotives  that  cables  coming  from  the  controller 
should  be  placed  in  a  built-up  metal  box,  fastened  to  the  inside 
top  edge  of  the  locomotive  side  frame,  and  from  this  main  cable 
box  the  various  cables  would  run  straight  out  to  the  motor  and 
rheostat.  This  makes  a  very  satisfactory  job,  and  keeps  the 
top  of  the  motors  clear,  as  well  as  reducing  cable  troubles. 

The  old  method  of  attaching  cables  to  the  rheostat  by  means 
of  set  screws  was  responsible  for  much  trouble,  as  the  screws 
would  work  loose  or  cut  the  cable  and  cause  damage.  We  have 
overcome  this  trouble  in  our  later  type  by  using  a  clamping 
connection. 

The  brake  reach  rods  in  some  of  the  locomotives  pass  over  the 
top  of  one  of  the  motors.  This  caused  much  annoyance  when  re- 
pairs were  in  order,  as  it  meant  dismantling  part  of  the  brake 
rigg^^g-  By  having  the  reach  rods  pass  along  the  side  of  the 
motor,  this  annoyance  has  been  eliminated. 

The  arrangement  of  the  foot  pan  is  usually  bad,  because  it 


19141  DISCUSSION  AT  PITTSBURGH  417 

is  usually  bolted  to  the  bottom  of  the  side  frame.  This  is  shown 
in  Figs.  8,  9,  10,  11  and  12  of  Mr.  Eaton's  paper.  Hence,  when 
the  locomotive  rides  over  an  obstruction,  these  bolts  are  liable 
to  be  torn  out  and  the  foot  pan  drops  and  may  break  the  opera- 
tor's legs.  By  fastening  this  foot  pan  to  the  iron  ledges  attached 
to  the  inside  of  the  side  frame,  this  danger  is  removed. 

The  ordinary  covered  and  braided  cables  that  are  used  for 
connecting  the  various  parts  of  the  locomotive  to  the  equipment 
are  not  usually  ver>'  successful,  as  the  braiding  soon  separates 
and  becomes  fuzzy  and  in  damp  mines  this  is  rather  annoying. 
I  think  that  cambric  cables,  with  a  hard,  wear-resisting  braid 
of  good  quality,  could  be  used  to  advantage. 

In  regard  to  circuit  breakers;  I  prefer  a  circuit  breaker  if  it 
is  a  good  one.  I  do  not  believe,  however,  that  the  development 
of  the  locomotive  circuit  breaker  has  kept  pace  with  the  other 
parts  of  the  equipment,  and  the  circuit  breakers  furnished  today 
on  some  makes  of  locomotives  are  very  poor  devices.  The 
breaker  should  be  stout  to  resist  bumps,  etc.,  it  should  be  water- 
proof, and  so  arranged  that  it  cannot  be  kept  from  operating 
by  the  use  of  the  foot,  sticks,  wires,  etc. 

The  development  of  the  mine  locomotive  is  a  problem  that 
cannot  be  put  up  entirely  to  the  designing  engineer.  Rather 
should  the  experiment  be  brought  about  by  the  operating  man, 
and  by  careful  watching,  many  defects  can  be  remedied,  as  I 
have  found  that  the  dcsiging  engineer  is  usually  very  glad  to 
co-operate  with  the  operator.  Many  of  these  points  which  I 
have  mentioned  are  the  result  of  my  observation  and  of  confer- 
ences with  these  men. 

The  maintenance  of  the  mine  locomotive  is  largely  a  question 
of  looking  after  details.  Generally,  the  manufacturing  com- 
panies handle  the  question  in  a  ver>'^  satisfactor\^  manner,  but 
it  is  usually  the  little  things  that  happen  in  ever>--day  operation 
that  they  are  somewhat  unprepared  for,  and  it  is  here  that  the 
operating  man  could  be  of  use. 

For  some  years  past  I  have  endeavored  to  keep  a  record  of 
locomotive  costs,  the  costs  to  cover  armature  repairs,  field 
coils,  armature  bearings,  journal  brasses,  wheels,  axles,  gears 
and  pinions,  also  brake  shoes,  controllers,  rheostats,  trolley  poles, 
oil,  grease,  crabs,  reels,  sand,  bnishes,  journal  springs,  etc. 
By  getting  these  various  costs  for  each  collier>%  curves  can  be 
plotted  that  will  give  a  graphic  comparison  of  the  costs  for 
each  place,  and  by  means  of  personal  knowledge  of  the  condi- 
tions at  each  place,  due  to  long  ex])erience,  it  is  usually  an  easy 
matter  to  take  any  colliery  and  point  out  the  proximate  reasons 
and  causes  for  the  high  costs. 

For  instance,  high  rheostat  costs,  combined  with  high  journal 
spring  costs,  indicate  bad  tracks,  cross-overs,  etc.,  and  high 
brush  costs  and  high  bearing  cost  usually  mean  high  armature 
costs,  or,  again,  high  wheel  costs  usually  follow  the  sand  curve, 
etc. 
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A  close  study  of  such  a  set  of  curves  will  indicate  very  closely 
what  part  of  the  locomotive  needs  redesigning  to  better  advan- 
tage, or  what  internal  conditions  need  attention. 

From  curves  plotted  in  this  manner,  it  would  seem  that  the 
costs  of  armatures,  bearings  and  brushes  were  closely  allied. 
An  investigation  showed  that  bad  annatures  were  usually  caused 
by  bad  bearings.  Naturally,  if  the  bearings  were  bad  the  arma- 
ture would  not  run  true,  and  this  caused  commutator  troubles 
which  put  the  finishing  touches  to  the  armatures. 

During  the  past  year  I  have  had  thirty-nine  armatures  sent 
to  the  repair  shop  with  old  bearings  attached,  and  instructions 
were  forwarded  to  the  repair  department  that  as  soon  as  an  arma- 
ture was  received,  its  shaft  should  be  trued  up  and  the  bearings 
babbitted  to  suit.  Out  of  thirty-nine  armatures  thus  sent  out, 
only  one  was  sent  back  for  repairs.  This  appears  to  me  to  be 
investigation  in  the  right  direction,  and  also  points  out  the  fact 
that  armature  bearings  can  be  further  improved. 

The  brushes  also  came  in  for  their  share  of  experiment,  and 
we  find  that  massive  pigtails  are  a  distinct  advantage.  The 
pigtails  ordinarily  ftimidied  are  not  particularly  good.  The 
pigtail  should  be  so  large  that  it  shunts  practically  all  the  current 
from  the  brush  holder  to  terminal,  and  thus  relieves  the  brush 
holder  of  its  electrical  function  as  a  conductor. 

We  are  now  conducting  experiments  with  impregnated  field 

coils,  but  up  to  the  present  time  have  nothing  definite  to  report. 

Referring  again  to  locomotive  costs,  it  may  interest  some 

to  know  the  relative  percentage  of  these  costs.     My  experience 

indicates  the  following: 

Armatures  and  bearings 16.60  per  cent 

Field  coils 3.10     « 

Rear  axle  bearings 1.43     **       ** 

Journal  brasses 1 .  12     "       ** 

Wheels  and  axles 14.90     "        " 

Pinions 0.75     « 

Gears 1.73     « 

Brake  shoes 1 .  15     **        " 

Controllers 2. 10     " 

Rheostats 1 .24      « 

Trolley  repairs 3.35     « 

Oil 1.29     "        « 

Grease 0.51     **        " 

Sand 6.13     «        « 

Brushes 0.72     "        « 

Journal  springs 0 .  50     "        " 

Reels  and  crabs 3.00     "        " 

Miscellaneous    material 16 .  46     "        ** 

Labor 23.80     "        " 

It  shotdd  be  noted  that  this  cost  also  includes  warehouse 
material  that  has  been  purchased  and  charged  out,  although 
no  use  has  been  made  of  it  up  to  the  present  time. 
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Probably  the  most  frequent  cause  of  locomotive  trouble  is 
due  to  bad  bearings.  When  buying  a  new  locomotive,  we 
find  that  it  will  nm  from  eight  to  fourteen  months  without 
much  repair,  after  which  time  it  is  usually  necessary  to  replace 
the  wheels,  and  from  this  time  on  the  repair  costs  are  usually 
high. 

In  an  endeavor  to  find  out  the  cause  of  such  increase,  I  have 
reasoned  the  matter  out  in  this  way:  When  new,  the  bearings 
and  all  parts  have  a  good  clean  fit.  After  a  time  the  use  of  sand 
is  introduced,  and  this  simply  accelerates  the  wear,  and  soon  the 
bearings  are  no  longer  good  and  considerable  play  is  in  evidence. 
Just  about  this  time  the  gear  and  pinion  show  considerable 
wear,  and  begin  to  potmd.  This  has  a  very  bad  effect  on  the 
armature  and  produces  a  bad  effect  on  the  commutation,  and 
the  armature  is  no  longer  central.  Consequently  the  brushes 
get  hot,  the  commutator  blackens  and  the  armature  is  then 
in  line  for  repairs.  After  watching  this  performance  a  good 
many  times,  I  have  come  to  the  conclusion  that,  since  it  is  im- 
possible to  stop  the  use  of  sand,  some  form  of  bearing, 
both  for  rear  axle  and  main  journal,  should  be  designed  that  is 
sand-proof.  The  armature  bearings,  of  course,  should  be 
sand-proof,  and  in  addition  should  be  hard  enough  to  stand  the 
poimding  of  the  gears,  and  both  the  sleeve  type  and  ball  bear- 
ing type  appear  to  be  improvements  in  the  right  direction. 

During  the  past,  our  experience  with  gear  wheels  indicated 
that  there  was  much  to  be  desired  concerning  them,  and  from 
data  that  we  have  I  find  that  gear  costs  follow  closely  the  wheel 
and  axle  costs,  and  to  my  mind  that  indicates  quick  wear  of 
gears  and  pinions  and  hence  rapid  wear  of  armature  bearings 
due  to  the  pounding  of  the  gears.  We  are  now  trying  out  some 
extra  hard  gears  and  pinions,  and  expect  to  get  better  results. 

Probably  one  reason  for  excessive  gear  and  pinion  wear  is  due 
to  the  fact  that  gear  cases  are  not  constructed  to  keep  out 
dirt  and  grit.  These  find  their  way  into  the  gear  case  grease 
and,  of  course,  cause  rapid  wear.  It  occurs  to  me  to  ask  if  any 
one  present  has  operated  his  locomotives  without  the  lower 
half  of  the  gear  case. 

In  speaking  of  the  reel  or  crab,  Mr.  Eaton  says  that  loco- 
motives equipped  with  this  device  cannot  deliver  empty  cars 
to  the  face.  This  is  not  my  experience,  as  I  find  in  pitch  regions 
that  the  crab  can  do  this  very  well  by  means  of  a  dead  rope 
and  a  bull-wheel  in  the  face,  or  by  carrying  the  rope  to  the 
face.  On  the  same  page  Mr.  Eaton  describes  a  clock  spring 
reel.  The  idea  is  good,  but  it  is  very  expensive  to  maintain, 
and  I  do  not  recommend  its  use. 

Regarding  the  use  of  ball  bearings,  we  have  a  few  in  use. 
They  are  good,  and  better  than  the  babbitted  shell.  They 
are  rather  expensive  to  renew,  but  they  do  keep  the  armature 
in  good  shape.  My  experic*nce  has  not  extended  over  a  suf- 
ficiently long  period  of  time  to  state  whether  or  not  they  are 
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better  than  the  sleeve  type,  but  almost  any  type  is  preferable 
to  the  babbitted  shell,  as  these  are  usually  soft  and  are  easily 
pounded. 

On  account  of  the  poor  tracks  which  are  encountered  in  the 
mine,  it  appears  to  me  that  grid  resistance  should  be  more 
flexible.  A  broken  grid  is  usually  responsible  for  ultimate  arm- 
ature and  controller  trouble. 

Carl  J.  E.  Wazbom:  With  reference  to  the  design  of  electric 
mine  locomotives,  we  believe  that  some  stress  should  be  placed 
upon  the  "safety  first''  idea,  and  we  found  it  absolutely  neces- 
sary to  adopt  a  type  of  frame  which  was  imbreakable,  and  such 
a  type  of  frame  is  found  in  the  rolled  plate  or  slab  frame  con- 
struction. We  foimd  that  the  use  of  cast  frames,  whether  of 
steel  or  iron,  has  always  resulted  in  some  flaws  being  found  in 
the  castings,  and  this  experience,  I  believe,  will  be  borne  out 
by  everybody.  Therefore,  I  think  that  the  rolled  plate  frame 
has  overcome  that  objection. 

With  reference  to  ball  bearings  versus  sleeve  type  bearings, 
I  think  that  the  ball  bearings  have  a  decided  advantage,  inas- 
much as  they  lessen  the  cost  of  operation  and  upkeep  of  the 
locomotive,  particularly  that  of  the  armature.  This  cost,  I 
have  found,  in  some  cases  amoimts  to  as  high  as  80  per  cent  of 
the  total  cost  of  the  upkeep.  We  applied  some  ball  bearings 
some  six  years  ago,  and  they  are  still  nmning  without  any  wear. 
I  have  also  found  users  of  mine  locomotives  who  have  expended, 
for  a  year's  service  of  16  locomotives,  only  $10  for  the  cost  of 
lubrication.  These  locomotives,  as  I  recollect,  have  been  in 
service  for  over  two  years,  and  after  a  periodical  examination 
of  the  ball  bearings  there  was  no  perceptible  wear  on  them. 

The  most  important  point  in  our  opinion  is  that  in  the  design 
of  ball  bearing  housings  care  should  be  taken  so  as  to  preclude 
any  foreign  material  getting  into  them,  and  with  that  design 
I  would  say  that  the  ball  bearing,  with  proper  lubrication, 
should  last  indefinitely,  or  just  as  long  as  any  other  part  of  the 
locomotive. 

With  reference  to  the  frame  construction,  I  believe  that  the 
rolled  plate  type  of  frame  should  be  recommended,  even  in  case 
of  the  largest  type  of  mine  locomotives.  I  think  that  safety 
should  be  the  first  consideration  in  the  design  of  mine  locomo- 
tives, and  I  think  that  it  is  entirely  met  by  the  plate  type 
frame  construction,  which,  as  one  speaker  stated,  nms  up  to 
as  high  as  six  inches  in  thickness. 

Graham  Bright:  I  do  not  believe  that  the  illustrations  show 
nearly  all  of  the  advantages  that  are  obtained  in  the  open  steel 
bar  type  of  frame.  The  question  has  just  been  brought  up  in 
regard  to  the  safety  of  this  type  of  frame,  in  that  men  are  liable 
to  jump  on  the  locomotive,  and  may  slip  and  have  their  toes 
cut  off.  I  have  talked  to  several  mine  operators  who  are  us- 
ing this  type  of  locomotive,  in  regard  to  this  point,  and  they  seem 
to  think,  while  it  might  possibly  occur  in  some  mines,  there  are 
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probably  only  one  or  two  openings  where  this  could  possibly 
happen,  and  they  were  willing  if  absolutely  necessary  to  close 
those  openings  up  with  small  plates  and  get  the  advantage  of 
the  other  openings  for  inspection  and  ventilation. 

There  is  no  doubt  in  the  case  of  the  box  type  frame  that, 
due  to  the  heat  losses  of  the  motors  and  resistances,  the  tem- 
perature must  get  pretty  high  inside  the  box,  there  being  prac- 
tically no  ventilation,  and  since  the  capacity  of  the  locomotive 
depends  on  the  continuous  rating  of  the  motors,  (not  the  hourly 
rating,)  for  all  day's  service,  there  is  no  doubt  that  this  continu- 
ous rating  must  be  considerably  increased  by  the  ventilation 
obtained  by  the  open  steel  bar  frame. 

Mr.  Eaton  states  that  with  the  single  motor  and  side  rod, 
you  are  not  able  to  obtain  a  series-parallel  combination  of  the 
motors.  I  mentioned  yesterday  in  discussing  Mr.  Reed's 
paper  that  I  thought  this  was  more  fancied  than  real,  because 
in  most  cases  you  will  find  the  motorman  will  not  use  the  series 
combination  on  the  controller.  In  the  parallel  position  it  gives 
a  little  easier  start  and  he  does  not  have  to  worry  about  chang- 
ing the  position  of  the  reverse  lever  if  he  wants  higher  speed, 
and  the  result  is  that  he  seldom  uses  the  series  position.  Unless 
we  can  obtain  a  series- parallel  type,  like  a  railway  controller, 
that  is  low  enough  to  be  used  for  gathering  service,  I  do  not 
think  there  is  much  in  the  series-parallel  combination,  from 
a  power  economy  standpoint. 

Mr.  Eaton  calls  the  ball  bearings  '*frictionless''  bearings. 
Some  tests  have  been  made  on  a  motor,  with  both  ball  bearings 
and  with  the  sleeve  type  of  bearings,  in  order  to  determine  the 
difference.  At  very  low  speeds  there  is  no  question  that  the 
ball  bearing  has  considerably  less  friction,  but  at  m  dium  and 
high  speeds  the  difference  is  scarcely  noticeable.  In  fact, 
some  tests  show  that  more  friction  is  obtained  with  the  ball  bearing 
than  with  the  sleeve  type  of  bearing.  Unless  a  ball  bearing 
is  properly  lubricated  and  protected  from  dust  it  will  very 
quickly  give  trouble  and  when  repairs  are  required  they  will 
prove  very  much  more  expensive  than  with  the  sleeve  type. 

When  the  first  mine  locomotives  were  brought  out,  the 
motors  as  a  rule  did  not  have  sufficient  capacity  for  the  service 
to  which  they  were  put.  The  result  was  that  the  electrical 
repairs  were  very  high.  There  seems  to  be  lately  a  swinging 
toward  the  other  direction,  and  many  operators  and  some  con- 
sulting engineers  are  insisting  on  capacities  which  are  really 
far  in  excess  of  what  is  necessary  to  perform  a  given  service. 
The  result  is  that  the  electrical  repairs  go  down,  but,  on  the 
other  hand,  the  mechanical  repairs  mount  very  rapidly.  The 
reason  why  these  mechanical  repairs  are  not  so  evident  is  that 
when  the  electrical  trouble  takes  place  as  a  rule  you  have  no 
warning  until  the  trouble  actually  occurs,  there  being  no  indica- 
tion of  what  is  going  to  happen.  In  the  case  of  mechanical 
repairs,  they  can  always  be  foreseen  far  enough  ahead  to  have 
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repairs  made  without  delay  to  the  service.  The  result  is  that 
these  high  mechanical  repairs  are  really  not  made  manifest, 
but  I  thmk  you  will  find  where  a  locomotive  is  very  much  "over- 
motored"  that  the  low  electrical  repairs  are  brought  about  at 
the  expense  of  high  mechanical  repairs. 

F.  L.  Stone:  There  has  been  a  great  deal  said  about  the  in- 
creased ventilation  and  the  beneficial  effect  of  the  open  side 
locomotives  as  compared  with  the  box  frame.  I  would  ask 
if  any  concrete  tests  have  been  made  to  substantiate  the  claim. 
Personally,  I  do  not  think  it  amounts  to  anything,  because 
the  box  locomotive  is  open  both  top  and  bottom,  and  the  fact 
that  the  sides  are  closed  does  not,  I  believe,  make  any  material 
difference. 

G.  M.  Eaton:  While  I  have  no  definite  comparative  tests 
of  mining  locomotives  with  solid  and  bar  frames  in  exact  con- 
ditions of  service,  I  would  call  attention  to  the  fact  that  in  test- 
ing a  motor  in  the  shop,  if  one  inadvertently  leaves  the  window 
open,  perhaps  ten  feet  away  from  the  motor,  on  a  day  that  is 
moderately  cool,  there  is  a  very  great  difference  in  the  results 
that  are  secured.  Personally,  I  have  no  doubt  that  if  the 
motor  can  run  in  free  and  open  air,  that  is  cool,  it  increases 
the  capacity  of  the  machine. 

L.  J.  Ilsley:  In  regard  to  locomotives  being  "over-motored" 
or  "under-motored,"  in  my  experience  with  several  different 
types  of  locomotives,  it  seems  that  the  average  motorman  is 
inclined  to  haul  just  about  all  the  locomotive  will  haul;  it  is  the 
same  old  question — ^if  he  had  a  mule  that  would  pull  three  cars, 
he  would  attempt  to  pull  four  cars  with  it.  If  he  could  easily 
haul  four  cars  with  a  locomotive,  he  would  try  to  haul  six  cars. 
I  have  known  of  this  problem  being  met  by  reducing  the  gear 
ratio,  and  by  using  heavier  motors,  so  that  the  motorman  can 
only  haul  a  certain  load,  and,  therefore,  not  overheat  his  arm- 
ature and  his  field  coils.  This  is  harder  on  the  wheels  and  the 
brake  shoes,  but  I  think,  on  the  whole,  it  is  a  saving  to  the  mine 
operator. 

In  regard  to  the  cable  reel  which  is  operated  by  a  motor, 
and  reels  out  against  the  torque  of  the  motor,  I  had  experience 
with  a  different  type  of  reel  which  works  on  the  same  principle, 
and  this  reel  seems  to  work  very  well,  except  in  cases  where 
the  trolley  voltage  is  very  poor.  In  the  earlier  types  of  loco- 
motives there  was  a  tendency  in  the  controller  design  to  make 
the  terminal  posts  so  small  that  one  could  get  only  a  portion 
of  the  lead  wires  in  them;  one  had  to  cut  them  down  in  assem- 
bling the  wires.  I  am  glad  to  see  that  in  the  later  designs 
they  have  made  ample  room  for  putting  in  the  leads  both  in 
the  rheostats  and  in  the  controllers. 

The  question  of  the  design  of  a  mine  locomotive  should,  in 
my  opinion,  receive  special  attention  with  regard  to  making 
repairs  on  the  locomotive,  for  the  average  mine  is  not  usually 
equipped  with  the  best  advantages  and  facilities  for  making 
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repairs.  In  the  railroad  shop  you  have  your  jacks  and  every- 
thing you  require  to  handle  the  locomotive,  but  in  the  mine 
you  may  have  a  small  pit  out  at  some  distant  portion  of  the 
mine  where  you  make  your  repairs,  and,  therefore,  the  loco- 
motive should  be  designed  to  assist  the  repair  man  in  every 
way,  in  changing  armatures,  wheels,  and  bearings.  My  experi- 
ence in  the  maintenance  of  locomotives  has  shown  that  a  great 
many  of  the  troubles  due  to  armature  and  field  coil  bum-outs 
are  due  to  lack  of  inspection  of  the  equipment. 

W.  W.  Miller:  I  think  the  usual  tests  made  on  the  motors 
Mr.  Bright  mentioned,  with  ball  and  sleeve  bearings,  are  made 
with  the  same  motor,  with  the  same  air  gap.  We  have  found, 
after  considerable  experiment,  that  you  can  use  a  much  smaller 
air  gap  with  a  ball  bearing  motor.  This  means  an  increase 
in  efficiency,  with  a  resultant  saving  in  kilowatts  consumed. 
Recent  tests  on  a  considerable  number  of  motors  of  various 
manufacturers  indicated  such  material  discrepancies  in  the 
service  capacity  of  the  motors  having  the  same  ordinary  rating, 
that  it  would  seem  any  slight  advantage  in  external  ventilation 
is  entirely  negligible,  compared  with  the  inherent  electrical 
design  and  loss  distribution  of  motors. 

F.  L.  Stone:  Mr.  Eaton's  reply  to  my  question  in  regard  to 
the  actual  heating  tests  on  locomotives  with  open  frames  having 
been  made,  is  only  a  partial  answer.  I  agree  with  Mr.  Eaton, 
that  a  motor  would  run  cooler  in  a  sealed  room  with  one  window 
open  than  it  would  with  the  window  closed,  but  I  question,  if 
the  motor  was  in  a  room  with  five  windows  and  four  of  them 
open,  whether  the  opening  of  the  fifth  window  would  make  any 
material  difference  in  the  temperature  rise  of  the  motor. 

W.  A.  Thomas:  Some  mention  has  been  made  as  to  the 
cost  of  production  of  various  types  of  frames.  Admittedly, 
a  defective  casting  in  the  foundry  does  increase  the  cost  of  the 
cast  steel  frame.  The  structural  shapes  and  plates  we  know, 
from  market  prices,  can  be  purchased  in  a  varying  market 
from  \\  to  If  cents  per  pound,  and  if  any  of  you  have  had  oc- 
casion to  buy  steel  castings  you  found  they  cost  quite  a  bit  more 
per  unit  of  weight. 

Mr.  Miller  brought  out  an  important  point  with  reference 
to  the  use  of  ball  bearings,  that  the  easier  starting  is  undoubt- 
edly true  with  the  ball  bearing,  because  it  is  a  point  contact, 
and  is,  as  Mr.  Eaton  brought  out,  somewhat  frictionless. 
For  that  reason  it  is  my  judgment  that  there  is  a  decided  field 
for  the  ball  bearing,  especially  in  gathering  work,  which  is  made 
up  of  starting  and  stopping  much  of  the  time;  but  in  the  main 
haulage  work,  the  use  of  ball  bearings  and  that  of  the  sleeve 
bearings  has  not  had,  relatively,  enough  trial  to  determine  their 
respective  merits,  although  one  large  operator,  who  tried  loco- 
motives of  different  design  and  of  different  manufacture,  and 
all  with  the  ball  bearings,  with  the  best  design  of  housing  obtain- 
able, has  stated  that  the  advantages  of  the  ball  bearings  which 
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they  had  hoped  for,  had  not  been  obtained,  and  therefore  in 
their  later  locomotives  they  were  resorting  to  the  oil-waste- 
packed  sleeve  bearing.  That  is  only  one  case  under  one  set 
of  very  severe  conditions. 

The  contention  that  there  is  no  wear  in  the  ball  bearing  is 
theoretical.  Experiments  have  shown  that  there  is  wear. 
Resorting  to  smaller  air  gaps  to  get  more  power  out  of  a  given 
weight  has  resulted  in  offsetting  the  main  advantages  of  the  ball 
bearing  by  the  armature  going  down  in  the  tail  pieces  on  com- 
paratively slight  wear. 

Another  point  which  Mr.  Beers  brought  out  is  an  important 
one,  with  reference  to  the  use  of  babbitted  bearings,  babbitt 
metal  being  subject  to  hammering  from  poor  alignment  of  gears. 
This  applies  again  because,  as  I  think  the  last  speaker  brought 
out,  you  cannot  get  proper  inspection  of  the  equipment  under 
various  conditions  of  installation,  and  you  get  a  very  heavy  ham- 
mering of  the  bearings  due  to  the  condition  into  which  the 
gears  wear.  This,  in  some  cases,  is  breaking  the  ball  bearings 
and  causing  replacements,  and  in  some  cases  the  bearings  will 
last  only  six  months,  being  comparatively  expensive  to  maintain. 

It  is  extremely  difficult,  as  Mr.  Beers  pointed  out,  to  keep 
the  sand  out  of  any  bearing.  This  is,  perhaps,  more  important 
in  the  case  of  ball  bearings  than  in  the  case  of  the  sleeve  bear- 
ing, because  with  the  latter  full  of  oil,  the  sand,  if  it  gets  into 
the  bronze  brushing,  has  a  tendency  to  be  carried  out,  whereas 
with  the  point  contact  there  is  a  constant  grinding,  due  to  the 
fact  that  no  attempt  is  made  to  keep  a  flow  of  oil  through  the 
bearings. 

As  regards  the  matter  of  safety,  this  appears  to  be  largely 
theoretical,  as  is  indicated  by  a  recent  order  which  the  manu- 
facturers have  had  for  a  bar  type  construction,  in  which  order  they 
have  been  requested  to  put  in  step  plates  in  the  end  openings 
of  the  frame  for  the  trip  rider  to  get  on. 

The  question  of  motor  capacity  should,  perhaps  be,  qualified. 
Increased  motor  capacity  obtained  by  speed  has  no  advantage, 
because  you  have  no  greater  tractive  effort,  relatively;  and 
consequently — while  the  bare  statement  of  power  would  appear 
advantageous — the  speeds  go  beyond  the  practical  limit,  and 
the  fact  that  you  can  only  accelerate  a  certain  train  with  a  given 
tractive  effort  removes  the  advantage  of  the  increased  power. 
As  a  matter  of  fact,  it  is  thought  by  some,  and  that  thought 
has  merit,  that  the  question  of  the  tractive  effort  in  terms  of 
the  one-hour  capacity  of  the  motor,  as  laid  down  by  the  Stand- 
ards Committee  of  the  American  Institute  of  Electrical  En- 
gineers, should  be  the  prime  consideration  of  the  relation  be- 
tween the  electrical  capacity  and  the  weight  of  mechanical 
equipment. 

It  is  interesting  to  note  in  connection  with  the  discussion 
of  the  gathering  proposition,  that  as  far  as  we  are  able  to  deter- 
mine, and  from  my  personal  observation,  the  storage  battery 
was  the  first  type  of  gathering  locomotive  tried  out.     That 
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represented,  of  course,  a  battery  of  fifteen  years  ago,  which  was 
tried  out  at  the  Pocahontas  Collieries  at  that  time,  and  the 
electrician,  after  burning  out  several  suits  of  clothes  with  acid, 
devised  what  was  known  as  the  ^^ Wampus."  The  motors  were 
hung  outside  in  order  to  put  the  battery  in  the  c inter.  That 
left  a  relative  short  wheel  base,  vnth  a  clear  field  underneath  the 
battery,  so  that  when  the  battery  was  removed  he  took  an  old 
electrical  wire  reel,  with  wooden  flanges  on  it,  and  put  a  shaft 
through  it,  and  wound  his  cable  up  on  this  old  reel.  Then 
he  mounted  on  the  end  of  this  shaft  a  large  wooden  disk,  and  on 
that  end  of  the  shaft  he  made  an  arrangement  so  that  it  would 
raise  and  lower  the  bearing  support  on  the  shaft,  resting  this 
disk  on  the  wheels  of  the  locomotive,  and  hoisting  it  off  when 
he  did  not  want  to  wind  the  cable.  That  was,  so  far  as  I  know, 
the  original  gathering  locomotive,  and  is  interesting  in  connection 
with  the  general  development  of  the  locomotives. 

I  agree  with  one  speaker  in  regard  to  the  question  of  terminals. 
A  great  improvement  has  been  made  on  the  controller  terminals, 
and  I  think  further  improvement  can  be  made  in  increasing  the 
size  of  the  terminals  and  the  method  of  attaching  the  same  in 
the  resistances.  Mr.  Beers  made  some  statements  on  that 
particular  point.  Personally,  I  advocate  either  a  terminal 
soldered  on  to  the  end  of  the  cable,  or  else  a  sleeve  soldered  to 
the  end  of  the  cable. 

As  to  the  question  of  air-gap,  I  mentioned  before  that  the  rel- 
ative dangers  due  to  the  bearing  going  down  are  modified  to 
some  extent  in  the  ball-bearing  motor  by  reducing  the  air  gap, 
and  unquestionably  this  removes,  to  a  great  extent,  the  claimed 
advantages  of  the  integrity  of  the  air  gap,  if  you  do  not  keep  the 
same  air  gap  as  is  used  with  the  sleeve  bearing. 

G.  H.  Shapter:  Mention  has  been  made  of  the  storage 
battery  locomotive  as  a  future  possibility  in  overcoming  certain 
difficulties  encountered  in  gathering  work.  It  is  true  that 
quite  a  number  of  such  machines  have  been  installed.  Some 
of  these  have  been  more  successful  than  others,  and  for  the  most 
part  the  few  failures  noted  have  not  been  due  to  the  locomotives 
or  batteries,  but  rather  to  conditions  existing  in  certain  mines, 
such  as  flimsy  tracks,  lack  of  sufficient  ties  or  spikes  to  pro- 
perly hold  the  weight  of  the  locomotive  and  prevent  the  rails 
from  spreading,  curves  improperly  laid,  etc. 

In  one  instance  I  had  occasion  to  note  a  track  laid  |  inch 
narrow,  and  as  a  natural  result  the  locomotive  was  off  track  for 
an  average  of  two  hours  per  day.  Now,  to  prove  my  point  that 
conditions  will  be  the  obstacle  that  must  be  remedied,  I  will 
say  that  on  the  very  next  installation  of  a  storage  battery  loco- 
motive no  trouble  of  the  slightest  character  was  experienced 
with  derailment.  The  storage  battery,  in  common  with  all 
other  locomotives,  must  be  provided  with  suitable  rails  in  order 
to  make  their  speed  and  increase  the  output. 

Storage  battery  locomotives  of  a  certain  manufacturer  are 
now  operating  successfully  in  coal  mines,  and  range  in  capacity 
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from  500  lb.  drawbar  pull  to  2400  lb.,  and  speeds  of  3 J  to  5 
miles  per  hour.  The  height  varies  from  27  in.  to  46  in.,  and  the 
width  from  gage  plus  6  in.  to  gage  plus  16  or  18  in.,  depending 
on  whether  inside  or  outside  frames  are  used. 

A  careful  study  of  the  cost  of  operation,  maintenance,  repairs, 
power  and  attendance,  etc.,  shows  that  a  saving  of  from  30  to  35 
per  cent  can  be  effected  by  the  use  of  storage  battery  gathering 
locomotives  as  compared  to  mules.  The  calculations  have  been 
extended  to  a  period  of  ten  years  and  can  be  verified  by  actual 
results  obtained  in  practise  over  a  period  of  two  years.  The 
approximate  estimated  cost  is  four  cents  per  ton-mile. 

The  segregated  value  of  various  items  considered  in  the  cost 
of  operation  of  these  storage  battery  locomotives  is  as  follows: 

Alkaline  Lead 

Interest  on  investment 3.7    percent         3.2    percent 

Depreciation   and   renewals 

of  battery 9.0       "       "         11.5       "       " 

Depreciation  of  locomotive     6.5       **       **         11.5       "       " 

Battery  incidentals 0.8       «       «  0.85     « 

Electrolyte  renewals 1.0       "       "  0.00     " 

Locomotive  repairs,  oil, etc.     2.0       "       "  2.15**       " 

Motorman  and  helper 65 . 0       "       «         70 .  00     «       « 

Power  for  charging 11.5       "       «  5.40     «       ** 


The  relative  values  of  the  two  totals  are  in  the  proportion 
of  94  per  cent  to  100  per  cent,  showing  a  very  close  margin. 
Cost  of  power  does  not  enter  greatly  into  the  case  even  when 
figured  at  two  cents  per  kw-hr.,  and  for  most  isolated  plants 
tWs  extra  power  may  be  obtained  during  periods  of  light  load  on 
the  generator  without  extra  costs. 

Personally,  I  do  not  believe  storage  battery  locomotives  can 
be  as  yet  considered  on  an  equal  efficiency  basis  with  trolley  lo- 
comotives, perhaps  nev^r  will  be,  but  most  certainly  they  will 
prove  better  than  mules  or  some  form  of  cable  devices. 

Apprehension  may  be  felt  on  the  score  of  durability  and 
strength  of  the  battery.  I  have  seen  cases  with  both  the  acid 
and  the  alkaline  battery  where  the  battery  has  been  compelled 
to  deliver  power  for  pulling  the  locomotive  onto  the  track  after 
a  severe  derailment,  which  they  did  without  any  apparent 
bad  results.  The  heavy  current  drawn  under  such  conditions 
can  well  be  imagined  when  I  say  it  was  necessary  to  hold  the 
current  breaker  in  by  the  foot. 

C.  J.  E.  Wazbom:  I  want  to  call  your  attention  to  a  point 
with  reference  to  the  ball  bearings,  which  I  believe  has  not 
been  brought  out  as  yet,  and  that  is,  there  is  no  wear  to  take 
place  on  the  armature  shaft  with  the  use  of  ball  bearings,  and 
I  think  that  is  an  important  point. 

E.  H.  Martindale:  It  has  been  pointed  out  in  the  discussion 
on  this  paper  that  a  great  deal  of  trouble  is  encountered  on  elec- 
tric mine  locomotives  due  to  worn  bearings.     It  has  also  been 
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pointed  out  that  a  large  percentage  of  the  commutation  troubles 
can  be  traced  to  the  unequal  air  gaps  caused  by  the  low  bearings. 
It  is  rather  surprising  to  note  in  this  connection  that  the  slotting 
of  commutators,  that  is,  undercutting  the  mica  from  between  the 
copper  bars  of  commutators  on  electric  mine  locomotives,  has 
not  gained  headway  more  rapidly.  At  the  present  time  I  do 
not  think  that  more  than  10  per  cent  of  the  electric  mine  lo- 
comotive motors  are  operated  with  slotted  commutators,  while 
on  street  and  interurban  motors  probably  95  per  cent  of  the 
commutators  are  slotted. 

With  the  recent  legislation  in  some  districts  compelling  the 
mine  owners  to  pay  miners  on  the  run-of-mine  basis,  it  will  be 
necessary  for  the  operating  department  to  cut  down  expenses 
wherever  possible,  if  the  mine  owners  are  to  continue  to  operate 
their  mines  profitably. 

The  slight  saving  in  brush  cost  by  the  use  of  slotted  commu- 
tators is  of  practically  no  consideration,  the  great  reduction  in 
cost  being  accomplished  by  the  saving  in  commutation  wear, 
reduction  of  flash-overs,  and  burned  out  armatures,  and  other 
commutation  troubles.  With  an  unslotted  commutator  on 
such  severe  service  as  the  average  electric  mine  locomotive 
motor,  it  is  necessary  to  use  a  brush  which  has  sufficient  abrasive 
material  to  grind  down  high  mica  which  is  caused  by  the  spark- 
ing which  occurs  imder  the  severe  conditions.  This  necessarily 
means  a  brush  which  is  continually  grinding  the  commutator, 
and  the  cost  of  a  new  commutator  for  a  motor  is  usually  more 
than  the  cost  of  the  brushes  that  will  be  used  on  the  motor  for 
ten    years. 

The  slotted  commutators  will  permit  the  use  of  a  high-con- 
ductivity, low -friction,  non -abrasive  brush,  and  the  sparking 
which  w411  be  caused  by  unfavorable  conditions,  such  as  the  worn 
bearings,  will  not  have  the  serious  effect  upon  the  commutator 
and  will  show  a  very  great  reduction  in  maintenance  charges. 
With  slotted  commutators,  however,  it  will  be  necessary  to  have 
careful  inspection  at  regular  intervals  to  prevent  coal  dust, 
carbon  <iust  or  other  foreign  materials  from  collecting  in  the  slots 
and  causing  short  circuits. 

N.  W.  Storer:  There  is  one  point  brought  out  that  I  feel  I 
am  able  to  discuss,  and  that  is  in  regard  to  the  efficiency  and 
ventilation  of  the  motor.  One  gentlemen  made  the  statement 
that  ball  bearings  enabled  the  air  gap  to  be  greatly  reduced  in 
the  motor — that  is  probably  true,  from  a  mechanical  stand- 
point; and  if  it  were  desirable  to  use  the  minimum  air  gap  possible 
with  mechanical  clearances,  ever\'  motor  would  be  built  with  that 
minimum  air  g3.\);  that  is,  the  minimum  air  gap  for  the  particular 
type  of  bearing  in  use.  Such  is  not  the  case,  as  every  one 
knows.  One  motor  may  have  one-eighth  inch  clearance,  another 
one-quarter,  or  five-sixteenths,  or  three-eighths  inch — it  depends 
on  the  electrical  characteristics  that  are  to  be  obtained  with  the 
motor.  It  is  not  simply  a  matter  of  efficiency,  either,  in  reducing 
air  gaps.     I  think  in  a  great  many  cases  you  increase  the  effi- 
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ciency  of  the  machine  by  increasing  the  air  gap.  When  a 
motor  has  an  extremely  small  air  gap,  it  is  liable  to  have  far 
more  losses  induced  in  the  pole  faces  than  it  would  have  with  a 
larger  air  gap  and  corresponding  increase  in  the  tiuTis  on  the 
field,  necessar}'  to  overcome  the  larger  air  gap.  It  is  a  case  of 
having  the  air  gap  to  get  the  commutating  characteristics 
that  you  want,  as  a  general  rule,  not  simply  to  get  sufficient 
space  for  the  armature  to  turn  in. 

Now,  in  regard  to  ventilation;  it  is  perfectly  true,  what  Mr. 
Stone  has  said,  that  one  window  out  of  five  makes  little  difference 
on  the  motor,  but  there  is  no  question  at  all  about  the  fact  that 
a  motor  under  a  box,  even  though  it  may  be  wide  open  imdemeath 
and  have  small  openings  on  top,  is  going  to  run  a  great  deal  hotter 
than  one  which  has  holes  on  the  sides  as  well  as  the  bottom  and 
top.  We  know  from  experience  that  a  railway  equipment  with 
a  motor  well  surrounded  by  the  truck,  will  nm  a  great  deal  hotter 
than  one  which  is  more  exposed,  in  fact,  that  a  motor  that  is  on 
the  head  end  of  a  truck  will  run  cooler  than  the  one  on  the  rear 
end  of  a  truck.  That  has  been  tested  out  time  and  again. 
There  may  be  10  or  15  deg.  difference  in  temperature  between  the 
motors  on  the  same  truck,  depending  on  the  location,  whether 
leading  or  trailing. 

G.  M.  Eaton:  Mr.  Beers  asked  a  question  about  split  versus 
solid  gears.  The  split  gear  is  at  best  only  a  makeshift,  though 
often  it  seems  unavoidable.  If  the  operator  has  a  small  shop 
with  no  press,  it  is  tremendously  tempting  to  apply  a  split 
gear.  It  is  easy  to  renew,  and  has  to  be  renewed.  As  everybody 
who  uses  them  knows,  there  are  more  or  less  troubles  with  the 
split  gears.  I  say  that,  representing  a  company  which  sells  a 
great  many  split  gears.  The  company  with  which  I  am  connected 
always  recommends  the  use  of  solid  gears,  where  possible. 

With  regard  to  the  use  of  hard  gears,  they  arc  surely  coming 
in  mine  locomotive  work.  The  use  of  the  split  gear  has  imtil 
recently  made  the  use  of  a  soft  gear  essential. 

It  is  only  recently  that  hardened  split  gears  have  been  used, 
but  they  are  now  produced  commercially  by  various  manufac- 
turers. They  are  expensive,  but  they  make  up  for  the  increased 
cost  by  their  long  life. 

Mr.  Beers  also  called  attention  to  the  need  of  co-operation 
between  the  users  and  builders  of  electrical  machinery.  He 
struck  the  keynote  of  develoi)ment.  The  more  of  such  co-opera- 
tion, the  better. 

"  Safety  first  ^'  is  of  vital  importance.  I  regret  that  the  dis- 
cussion of  this  principle  has  been  all  from  the  side  of  the  manu- 
facturers, because  although  the  manufacturers  keep  in  the  field, 
to  a  certain  extent,  they  do  not  live  day  and  night  with  the 
machines.  The  real  proof  of  the  safety  of  a  given  type  of  ma- 
chine is  its  actual  performance,  and  this  record  must  come  from 
the  operator.  Safety  first  must  be  observed,  not  only  from  the 
standpoint  of  the  designer,  but  from  the  standpoint  of  the 
education  of  the  men  in  the  mine,  that,  as  far  as  possible,  the  men 
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must  be  made  to  realize  where  their  lives  are  in  danger.  This 
is  true,  regardless  of  the  apparatus  used. 

TRe  storage  battery  locomotive  which  requires  tracks  better 
than  those  found  by  experience  to  be  practicable  and  com- 
mercial, is  doomed  to  failure.  The  storage  battery  locomotive 
must  be  adapted  to  existing  conditions. 

F.  L.  Stone  (by  letter):  The  question  of  open  frame  versus 
closed  rolled  steel  plated  I  think  is  worthy  of  a  little  further 
discussion.  In  the  first  place,  the  mine  locomotive  of  the  future 
will  be  as  indestructible  as  it  is  possible  to  make  it.  It  must 
be  able  to  withstand  severe  collisions  and  frequent  derailments 
without  injury.  The  open  frame  locomotive  Mr.  Eaton  advises 
had  its  inception  in  the  main  line  railway  locomotive.  This 
type  of  large  loc  motive  is  built  for  high  speeds  and  is  not  de- 
signed to  withstand  collisions  or  derailments.  There  are  many 
other  stresses  which  they  have  to  withstand,  which  do  not  neces- 
sarily enter  into  the  design  of  the  mine  locomotive.  Steel  cast- 
ings of  the  shape  shown  are  at  best  of  questionable  strength,  due 
to  shrinkage  stresses.  I  note  Mr.  Eaton  says  the  frame  can  be 
repaired  with  comparative  ease  by  either  electric  welding  or 
by  the  thermit  process.  I  do  not  know  just  how  much  signifi- 
cance to  attach  to  this  statement. 

In  regard  to  the  stability  and  strength  please  contrast  Figs. 
8  and  18  with  the  rolled  plate  side  frame  showTi  herewith.  I 
believe  it  is  impossible  to  construct  a  locomotive  that  will 
withstand  the  severe  conditions  of  mine  service  better  than  the 
rolled  plate  side  frame  locomotive.  There  are  possibly  some 
slight  advantages  to  be  gained  by  the  oj^en  frame  when  it  comes 
to  renewing  brake  shoes,  etc.,  but  I  do  not  believe  Mr.  Eaton 
would  recommend  the  abandoning  of  the  locomotive  pit  even 
though  nothing  but  open  side  frame  locomotives  were  installed 
in   the  mine. 

The  question  of  miners  riding  while  standing  on  the  frames 
should  he  further  em])hasized.  Mr.  Eaton  advises  that  if  they 
do  ride  they  arc  liable  to  lose  their  toes,  or  be  hurt  against  the 
mine  rib.  They  will  surely  ride  if  there  is  a  place  for  them  to 
stand  on  and  in  all  probability  will  get  hurt. 

In  regard  to  the  cooling  due  to  the  open  frame  it  is  not  fair  to 
contrast  the  mine  locomotive  with  the  high-speed  railway  lo- 
comotive, or  to  draw  conclusions  from  one  and  apply  them  to  the 
other.  I  have  seen  many  schemes  of  ventilation  fail,  notwith- 
standing the  fact  that  they  look  perfect  on  paper.  When  tests 
have  been  mad(\  and  evidently  they  have  not  as  yet,  I  would 
be  pleased  to  hear  the  results.  Finally,  a  locomotive  of  a 
given  drawbar  i)ull  must  have  a  weight  in  proportion  thereto. 
There  cannot  be  a  better  place  to  put  this  weight  than  in  the 
side  frames.  If  it  is  placed  outside  the  wheel-base  the  tendency 
is  to  make  a  "  rocker  ",  which  is  very  liable  to  leave  the  track 
should  there  be  any  unevenness  in  the  roadway.  I  have  seen  this 
rocking  so  bad  that  it  was  almost  unsafe  to  nm  the  locomotive. 


PrtsfUtd  at  Ike  293<f  M—ting  of  Ik*  Anur^ 
ican  InstituU  of  EUctrical  Engineers,  PitlS' 
burgk.  Pa.,  April  10.  1914.  under  Ike  aus- 
pices oftke  Committee  on  tke  Use  of  Electricity  in 
Mines. 
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MINE  SUBSTATIONS 
Motor-Generator  Sets  vs.  Synchronous  Converters 


BY  WILL  M.  HOEN 


Abstract  of  Paper 

The  number  of  mines  which  use  electrical  power  supplied  by 
transmission  lines  carrying  high-voltage  alternating  current  is 
constantly  increasing.  Low-voltage  direct  current  is  usually  re- 
quired for  underground  work  in  all  coal  mines.  These  conditions 
require  the  installation  of  motor-generators  or  synchronous  con- 
verters. The  extent  and  location  of  the  mine  workings  will  de- 
termine the  voltage  of  the  direct-current  supply.  Improper 
application  of  the  transforming  apparatus  mav  result  in  great 
variation  of  voltage  in  the  direct-current  networt,  with  its  attend- 
ant disadvantages. 

The  operating  characteristics  of  the  induction  and  synchronous 
motor-generator  sets  and  synchronous  converters  are  consider- 
ed with  regard  to  starting  conditions,  d-c.  regulation  and  the 
effect  on  the  a-c.  transmission  lines,  a-c.  voltage  regulation,  and 
power  factor  correction. 

Mine  conditions  and  the  nature  of  the  power  supply  will  de- 
termine the  type  of  transforming  apparatus  which  will  give  the 
most  efficient  and  satisfactory  operating  conditions.  Each  of 
the  several  types  of  apparatus  has  a  field  where  the  best  results 
will  be  obtained. 


DURING  the  past  few  years  there  has  been  a  great  increase  in 
the  number  of  mines,  especially  coal  mines,  using  power  sup- 
plied from  the  mining  comi)any's  central  power  plant,  or  by  central 
stations.  Several  central  stations  have  recently  built,  and  others 
have  greatly  extended  their  distribution,  with  the  main  object 
of  serving  mining  districts.  These  conditions  are  making  eco- 
nomical power  possible  for  all  kinds  of  mines.  To  provide  eco- 
nomical transmission,  this  power  is  generally  distributed  at  a 
voltage  which  requires  transformation  before  it  can  be  utilized 
in  rotating  machinery.  Operating  conditions  at  the  average  mine 
are  such  that  direct  current  is  required,  and  this  requires  the 
installation,  as  part  of  the  mine  equipment,  of  a  motor-generator 
set,  or  a  synchronous  converter.  The  object  of  this  paper  is  to 
show  the  adaptability  and  field  of  each  type  as  applied  to  mine 
service. 

In  the  small  coal  mine,  where  power  for  haulage  service  will 
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be  a  chief  requirement,  it  is  generally  necessary,  because  of  the 
mine  location  and  layout,  to  feed  power  from  the  extreme  end 
of  the  feeder  system.  Under  these  conditions,  to  avoid  installing 
an  excessive  amount  of  copper  and  in  order  to  maintain  a  reason- 
able voltage  in  the  region  of  the  maximum  load,  an  increase  in 
the  terminal  voltage  of  the  d-c.  generator  becomes  necessary  with 
the  increase  in  load. 

However,  when  the  mine  workings  become  extensive,  the 
low  voltage  generally  used  makes  it  desirable  to  feed  into  the 
feeder  system  at  its  load  center,  or  even  into  two  or  more  such 
places.  This  is  sometimes  accomplished  by  installing  a  sub- 
station underground,  or  in  shallow  mines,  which  are  in  favorable 
locations,  on  the  surface,  feeding  the  low-voltage  current  under- 
ground through  boreholes.  Under  these  conditions,  an  economi- 
cal feeder  system  can  be  installed,  so  that  the  drop  is  low,  and 
an  increase  of  terminal  voltage  with  an  increase  in  load  is  not 
so  necessary  or  desirable.  As  the  mine  system  becomes  larger, 
the  amount  and  size  of  the  apparatus  will  increase  so  that  motors 
in  constant  load  service,  such  as  pumps  and  mining  machines, 
will  be  distributed  throughout  the  mine,  to  whose  successful 
operation  an  excessive  variation  of  voltage  will  be  detrimental. 

A  direct-current  motor,  when  subjected  to  an  excessive  in- 
crease in  voltage,  will  have  its  shunt  coils  overheated,  and 
its  speed  will  increase,  which  will,  with  certain  characteristic 
loads,  overload  the  motor. 

An  excessive  reduction  in  voltage  will  cause  over-heating  of 
the  armature,  reduced  speed  and  reduced  outi)ut.  Series  motors 
are  generally  used  for  intermittent  service,  and,  as  the  torque 
is  a  function  of  the  current,  lower  voltage  will  mean  a  greatly 
reduced  speed  and  an  increase  in  the  time  for  any  particular 
cycle  of  operation.  This  will  invariably  result  in  overheating 
of  the  motor  windings. 

Power  for  mine  service  is  nearly  always  purchased  on  a  unit 
basis  and  is  easily  and  accurately  measured.  The  actual  cost 
of  power  is,  therefore,  acctirately  known,  which  is  quite  different 
from  the  former  conditions,  where  each  mine  was  usually  served 
by  an  individual  power  plant  where  the  actual  cost  of  power  was 
very  indefinite.  Due  to  the  ease  of  ascertaining  the  actual  cost, 
the  mine  operator  is  vitally  interested  in  the  over-all  efficiency 
of  the  transforming  apparatus. 

The  average  mine  is  served  with  three-phase,  GO-cycle  power, 
at  a  voltage  which  is  rarely  higher  than  11,000.     Expert  at- 
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tendance  is  not  available  or  desirable.  The  first  cost  must 
be  kept  at  a  minimum,  with  the  operating  efficiency  at  a  maxi- 
mum. Direct  current  is  required  at  a  voltage  generally  under 
300,  but  never  exceeding  550.  The  selection  of  the  proper 
apparatus  lies  between  a  motor-generator  set,  of  the  induction 
or  synchronous  type,  and  a  synchronous  converter.  The  starting 
characteristics  of  the  last  two  types  of  machines  have  been 
very  greatly  improved,  and  the  operation  of  the  starting  greatly 
simplified,  within  the  last  few  years.  The  starting  conditions 
of  these  machines   in   the   order   of    their   desirability    follow: 

1.  Induction  motor-generator. 

2.  Synchronous  motor-generator. 

3.  Synchronous  converter. 

The  induction  and  synchronous  motor-generator  sets  consist 
of  two  machines,  a  motor  and  a  generator,  each  electrically  and 
magnetically  inde])endent.  The  generator  can  be  given  any 
reasonable  characteristics,  but  standard  practise  is  to  fiat-com- 
pound for  500  or  250  volts,  or  to  over-compound  not  to  exceed 
10  per  cent.  The  operating  characteristics  of  the  direct-current 
generator  are  understood  by  the  average  mine  attendant,  as 
its  operation  is  similar  to  engine-driven  generators  with  which 
he  mav  be  familiar. 

The  induction  motor-generator  set  is  exceedingly  easy  to  start, 
but  has  the  disadvantage  of  a  small  air  gap  and  a  lagging  current 
characteristic,  which  causes  the  transmission  line  to  carry  an 
additional  current  above  tlie  required  load  current.  This  means 
an  increase  in  the  transmission  line  and  power  station  generator 
capacity. 

The  synchronous  motor-generator  set  of  the  present  day  is 
no  more  difiicult  to  start  than  the  induction  motor  set.  It 
has  the  advantage  of  a  large  air  gaj)  and  the  power  factor  of 
the  machine  is  inider  the  control  of  the  operator.  This  latter 
feature,  if  proi)('rly  applied,  is  of  great  benefit  to  the  transmission 
line  regulation,  if  induction  motors  are  in  use  at  the  same 
mine,  operating  the  synchronous  motor  at  a  leading  power  factor 
will  greatly  offset  the  lagging  wattless  component.  It  requires 
judgment  to  secure  the  best  results  from  this  feature.  While 
the  corrective  effects  apparently  only  benefit  the  power  com- 
pany, they  may  be  detrimental  as  well  as  beneficial,  and  in 
order  that  the  power  com]:)any  may  secure  the  greatest  benefit, 
it  would  be  necessary  for  the  attendant  to  be  under  the  control 
of  the  power  company,  as  far  as  power  factor  adjustment  is 
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concerned.  Standard  machines  are  usually  built  for  operating 
at  luiity  power  factor  at  full  load,  and  under  average  load  con- 
ditions it  is  possible  to  operate  them  at  slightly  leading  power 
factor  without  detrimental  results. 

It  is  now  recognized  that  a  low  power  factor  load  is  detrimental 
to  the  power  company,  so  that  such  loads  are  sometimes  penalized, 
the  power  rate  being  based  on  the  power  factor.  Under  such 
conditions  it  is  advisable  for  the  mine  operator  to  utihze  the  cor- 
rective effect  of  a  synchronous  machine,  so  as  to  offset  the  lagging 
effect  of  any  induction  motors.  It  is  not  always  economical 
to  attempt  to  raise  the  power  factor  too  high,  as  the  corrective 
effect  obtained  from  a  given  wattless  component  is  much  less 
in  the  regions  of  unity  power  factor  than  elsewhere. '  Generally 
speaking  a  power  factor  of  90  per  cent  would  be  considered  good. 
The  efficiency  of  a  synchronous  motor  will  be  materially  aflected 
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by  over-excitation.  Reference  to  Fig.  1  will  show  the  efficiency 
curve  of  a  standard  synchronous  motor- generator  set,  as  built 
by  one  manufacturer,  when  operating  at  unity  and  80  per  cent 
leading  power  factor. 

Synchronous  converters  are  nearly  always  started  from  the 
alternating- current  end,  and  are  no  more  difficult  to  start  than 
in  the  preceding  cases,  except  that  it  is  necessary  to  close  the 
field  break-up  switch,  so  that  the  direct -current  polarity  wilt  be 
correct.  They  have  the  advantage  of  large  air  gaps,  and  each 
unit  consists  of  one  machine  instead  of  two.  The  machine 
itself  is  much  lighter,  and  requires  less  energy  to  bring  it  up  to 
speed.  The  60-cycle  converter  of  today  is  quite  a  different  piece 
of  apparatus  from  that  of  only  a  few  years  ago. 

Referring  again  to  Fig.  1 ,  curve  A  is  the  efficiency  curve  of  a 
standard  synchronous  converter  of  the  same  rating  as  the  motor- 
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generator  set,  with  transformer  losses  included.  A  converter 
does  not  lend  itself  to  power  factor  correction  to  the  same  ex- 
tent as  the  synchronous  motor.  The  disadvantage  of  using  trans- 
formers will  be  offset  by  gi\Hng  the  machine  a  large  decree  of 
protection  from  grounds  which  might  be  caused  by  surges  on 
the  high-tension  line.  It  is  much  easier  to  run,  temporarily, 
on  two  transformers  than  to  repair  a  high-voltage  coil  in  either 
an  induction  or  a  synchronous  motor. 

A  synchronous  converter  necessarily  requires  transformers, 
while  both  the  induction  and  synchronous  motors  can  be  wound 
for  moderately  high  voltages.  Standard  mine  sets  of  less  than 
300  kw.  are  not  wound  for  voltages  in  excess  of  2200.  Therefore, 
if  the  voltage  is  above  2200  transformers  will  be  required  in 
either  case,  or  the  machine  can  sometimes  be  wound  for  a 
higher  voltage  at  an  increased  cost  and  reduced  efficiency. 

In  contrast  to  a  motor-generator  set,  the  alternating-current 
and  direct-current  sides  of  a  synchronous  converter  are  connected 
together.  The  direct-current  voltage  bears  an  approximately 
constant  ratio  to  the  impressed  alternating-current  voltage. 
In  a  direct  current  generator,  an  increase  in  voltage  with  an 
increase  in  load  is  obtained  by  placing  series  coils  on  the  field 
poles,  which  coils  carry  all  or  a  portion  of  the  load  current.  In 
the  converter  the  same  method  is  used,  but  the  accompanying 
results  are  obtained  quite  differently.  Standard  s\Tichronous 
converters  are  built  so  as  to  give  flat  compounding,  maintaining 
approximately  constant  terminal  voltage.  As  the  direct-current 
voltage  bears  a  definite  ratio  to  the  alternating-current  voltage, 
it  is  necessary  to  maintain  constant  voltage  at  the  collector 
rings.  This  is  accomplished  by  having  a  suitable  reactance  and 
a  certain  minimum  resistance  in  the  alternating-current  circuit. 
This  reactance  may  be  introduced  separately  or  be  in  the  trans- 
former, line  and  generator.  To  maintain  constant  voltage, 
the  line  drop,  due  to  resistance,  must  not  be  in  excess  of  10  per 
cent.  Maintaining  constant  voltage  with  varying  load  by  chang- 
ing the  series  field  excitation  will  change  the  power  factor. 
The  effect  on  the  line,  therefore,  is  quite  different  from  that 
caused  by  a  synchronous  motor  without  compounding,  as  usually 
built.  This  results  in  the  difference  in  correctiv^e  effect  of  the 
two  types  of  machines.  Over-compounded  synchronous  con- 
verters are  not  standard,  because  certain  limitations  peculiar 
to  the  type  of  machine  make  it  undesirable. 

In  a  synchronous  converter,  part  of  the  alternating  current 
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passes  directly  to  the  direct-current  end,  without  circulating 
through  the  entire  converter  windings.  The  heating  capacity 
of  a  direct-current  generator  will  depend  upon  the  average 
heating,  while  in  a  synchronous  converter  it  depends  upon  the 
heating  of  the  so-called  tap  coils.  Low  power  factor  at  full  load 
will  cause  heavy  currents  to  circulate  in  the  converter  winding. 
As  the  tap  coils  must  carry  this  heavy  current  in  addition  to  the 
ciurent  passing  through  them,  the  heating  wiU  be  above  the 
average  of  the  rest  of  the  winding. 

The  average  mine  load,  referring  particularly  to  the  direct- 
current  load,  is  usually  of  a  very  fluctuating  character.  Assum- 
ing that  the  field  of  a  synchronous  motor  is  adjusted  for  unity 
power  factor,  say  at  f  load  with  constant  excitation,  the  power 
factor  will  be  leading  at  lighter  loads  and  lagging  at  the  heavier 
loads.  A  synchronous  converter,  as  generally  constructed  with 
varying  excitation  caused  by  compounding,  will  act  quite 
differently,  provided,  of  course,  that  the  line  conditions  are 
suitable.  As  the  load  falls  below  the  f  value,  the  power  factor 
will  be  lagging,  and  at  full  loads,  and  overloads,  slightly  leading. 
Where  power  is  received  at  high  voltages  from  large  transmission 
lines,  the  capacity  effect  may  make  it  more  desirable  to  have  a 
lagging  component  at  light  loads  and  leading  at  maximum  loads. 
Under  these  conditions  the  synchronous  converter  will  give  the 
most  desirable  performance.  However,  where  large  corrective  ef- 
fects are  required  there  is  no  doubt  but  that  the  synchronous  motor 
is  the  type  to  be  employed.  When  the  synchronous  motor  re- 
ceives its  excitation  from  an  over-compounded  generator  the 
exciting  current  will  increase  with  the  load,  thus  tending  to 
hold  the  power  factor  up  on  overloads.  The  synchronous 
motor-generator  set  can  be  successfully  operated  on  a  line  whose 
characteristics  are  such  that  the  operation  of  a  synchronous 
converter  would  be  unsuccessful.  Parallel  operation  between 
machines  of  the  same  type  is  practically  on  the  same  basis  for 
each  of  the  three  types.  Parallel  operation  between  machines 
of  the  different  types  is  not  advisable,  as  considerable  adjustment 
will  be  necessary  to  obtain  equal  division  of  the  loads. 

Cost.  A  comparison  in  prices  between  the  induction,  or  syn- 
chronous, motor-generator  set,  and  the  synchronous  converter,  in- 
cluding transformers  for  the  latter,  will  show  that  the  costs  are  ap- 
proximately the  same  when  transformers  are  not  required  by 
the  motor-generator  set.  It  is  the  usual  practise  for  the  central 
station  to  supply  power  at  2200  volts,  so  that  it  is  seldom  neces- 
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sary  for  the  coal  company  to  purchase  transformers.  In  smaller 
sizes  the  synchronous  converter  with  its  transformers  will  cost 
a  little  more  than  the  motor-generator  set,  while  with  the  larger 
sizes,  the  reverse  is  true.  For  the  sizes  most  common  for  mine 
work,  the  motor-generator  set  will  cost  less  than  the  synchronous 
converter  with  transformers. 

The  foregoing  comparisons  show  that  where  the  line  charac- 
teristics are  suitable,  the  operating  efficiency  and  automatic 
alternating-current  line  regulation  are  in  favor  of  the  syn- 
chronous converter.  Where  large  corrective  effects  are  re- 
quired on  the  alternating-current  line,  compounding  is  desired 
on  the  direct-current  machines,  and  the  transmission  line  charac- 
teristics are  not  of  the  best,  the  synchronous  motor  will  prove  the 
most  reliable.  When  the  voltage  and  frequency  variations  are 
such  as  to  preclude  the  successful  operation  of  synchronous  appara- 
tus, the  induction  motor-generator  set  should  be  used. 
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MINE   SUBSTATIONS 
Their  Construction  and  Operation 


BY  H.  BOOKER 


Abstract  of  Paper 

The  use  of  electricity  in  mines  has  been  making  rapid  progress 
throughout  the  United  States.  Steam  and  compressed  air  are 
being  superseded  largely  by  central  station  power.  Power  from 
a  central  station  requires  a  substation  to  supply  direct  current 
to  operate  locomotives,  cutting  machines,  etc.  A  substation  is 
used  io  transform  high- voltage  a-c.  power  to  direct  current  at 
260  or  500  volts. 

Substations,  when  possible,  should  be  located  on  the  surface, 
because  if  located  underground  there  is  danger  from  fire,  and 
dampness  weakens  insulation  and  causes  corrosion  of  metallic 
parts.  Construction  of  an  underground  substation  is  more 
costly  than  on  the  surface,  as  there  is  danger  of  the  roof  giving 
way.  The  roof  should  be  arched,  or  built  of  heavy  concrete  and 
the  whole  station  made  fireproof. 

When  substations  are  located  underground  it  is  necessary  to 
carry  a  high-tension  cable  through  bore-holes.  When  located 
on  the  surface  a  low- tension  cable  can  be  used. 

Many  accidents  occur  because  of  incompetent  men.  Good 
salaries  should  be  paid  and  competent  men  obtained.  Danger 
warnings  should  be  posted  and  men  taught  to  consider  wires  as 
being      live  ",  thereby  lessening  accidents. 


DURING  the  last  few  years  the  use  of  electricity  in  mines 
has  attracted  a  great  deal  of  attention  throughout  the 
United  States.  This  is  largely  due  to  the  large  increase  in 
coal  consumption  making  it  necessary  to  discard  the  early 
primitive  methods  of  running  and  to  install  modem  power 
equipment,  without  which  it  would  be  impossible  to  produce 
the  required  output  with  the  present  supply  of  labor. 

Steam  and  compressed  air  have  been  and  are  still  used  to 
a  large  extent  for  the  power  supply  at  the  coal  mines,  but  there 
is  a  growing  use  of  electricity  especially  during  the  last  two  or 
three  years,  due  to  the  introduction  of  central  station  power 
which,  strange  to  say,  can  be  sold  to  a  coal  mine  cheaper  than 
the  mine  can  produce  it  itself. 

The  greatest  care  should  be  exercised  in  the  introduction  of 
electric  power  in  a  coal  mine  and  the  very  best  advice  should 
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be  obtained  before  attempting  any  electrical  installation  about 
a  mine.  Electric  power  improperiy  installed  and  not  property 
operated  and  maintained  will  no  doubt  prove  a  hazard  and  it 
is  just  such  conditions  that  is  causing  apprehension  in  some 
localities  regarding  the  use  of  electric  power  in  mines. 

The  danger  and  unsatisfactory  service  associated  with  elec- 
tric power  in  the  past,  has  been  largely  due  to  the  short  sighted 
policy  of  the  coal  mining  companies  in  purchasing  cheap  equip- 
ment unsuited  to  the  service  and  in  employing  incompetent 
labor. 

A  coal  mine  is  the  last  place  where  inferior  or  poorly  designed 
electrical  apparatus  should  be  used,  as  the  risk  of  trouble  is 
too  great. 

Even  with  the  best  designed  and  best  adapted  equipment 
the  question  of  operation  and  maintenance  is  one  that  is  often 
sadly  neglected.  The  matter  of  compensation  is  often  allowed 
to  play  too  prominent  a  part,  and  the  wages  offered  are  such 
that  it  is  impossible  to  obtain  competent  men  who  will  take 
proper  care  of  the  equipment  and  who  will  realize  the  import- 
ance of  properly  maintaining  the  apparatus. 

Rigid,  systematic,  and  careful  tests  should  be  made  period- 
ically on  all  moving  parts  of  electrical  equipment  to  insure 
proper  operation  and  records  kept  of  these  tests  for  future 
reference. 

Warnings  regarding  the  danger  of  touching  wires  cables  or 
electrical  apparatus  should  be  from  time  to  time  pointed  out 
to  all  workmen  in  the  mine,  and  in  some  way  kept  constantly 
before  them.  The  primary  cause  of  the  majority  of  accidents, 
it  is  fair  to  say,  is  partial  or  complete  ignorance.  Those  un- 
skilled in  electrical  work  should  treat  all  electrical  apparatus 
as  alive,  as  only  in  so  doing  lies  complete  security  for  them. 

The  writer  proposes  to  deal  with  the  installation,  operation 
and  maintenance  of  substations  around  coal  mines  from  the 
standpoint  of  the  practical  operator.  Until  quite  recently 
the  electric  power  in  use  at  coal  mines  was  produced  by  small 
isolated  plants  located  at  each  mine.  With  the  large  increase 
in  production  and  the  combination  of  many  small  mines,  the 
central  plant  idea  and  the  purchase  of  central  station  power  is 
rapidly  gaining  ground. 

The  use  of  power  from  a  central  plant,  or  of  purchased  power, 
requires  a  substation  to  supply  direct  current  to  operate  the  mine 
locomotives,  cutting  machines,  underground  pumps  and  lights. 
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A  mine  substation,  in  general,  consists  of  one  or  more  motor- 
generator  sets  or  synchronous  converters  used  to  transform 
high  voltage  a-c.  power  to  direct  ciurent  at  250  or  500  volts. 

The  small  isolated  plant  was  generally  placed  near  the  pit 
mouth,  provided  the  coal  and  water  supply  was  convenient. 
As  the  capacity  of  the  mine  increased  and  the  distance  to  the 
working  face  became  greater  the  power  conditions  became 
quite  unsatisfactory.  An  increase  in  the  capacity  of  the  exist- 
ing plant  often  means  a  large  expenditure  of  time  and  money 
so  that  the  purchase  of  central  station  power  and  the  instal- 
lation of  a  substation  offers  the  best  solution.  The  substation 
can  generally  be  placed  at  a  more  advantageous  point  than  the 
isolated  plant  since  a  substation  is  independent  of  coal  and  water 
supply.  An  increase  in  power  supply  at  any  time  can  be  easily 
and  quickly  taken  care  of  at  a  low  cost. 

Substations  when  properly  designed  and  installed  require 
little  attention,  and  the  attendant  is  needed  only  to  reset  circuit 
breakers  and  to  see  that  everything  is  running  properly.  If 
power  is  not  wanted  the  machines  can  be  cut  out  and  all  ex- 
pense for  current  stopped.  Starting  up  is  a  simple  matter  of 
closing  a  switch  and  full  power  is  available  immediately. 

With  purchased  power,  the  substation  system  of  power  dis- 
tribution is  most  advantageous  for  coal  companies  operating 
singly  or  widely  separated  mines.  The  operator  transfers  his 
responsibility  to  those  whose  business  it  is  to  carry  it,  leaving 
him  free  to  his  business  of  mining  coal,  thus  relieving  him  of 
the  worry  and  care  of  his  power  plant,  and  thereby  greatly 
increasing  the  efficiency  of  his  coal  mining  department.  The 
operator  substitutes  his  power  house  with  its  engineers  and 
firemen  and  its  need  for  good  and  abundant  water,  with  a 
small  substation  that  requires  only  one  attendant  and  no  water 
supply. 

The  exact  location  of  the  substation  is  often  a  hard  question 
to  decide.  Conditions  frequently  arise  where  it  would  be  de- 
sirable to  install  the  substation  underground,  but  in  general, 
unless  absolutely  necessary,  the  substation  should  be  placed 
above  ground.  The  preferable  location  is  at  the  pit  mouth 
when  possible,  as  it  can  then  be  looked  after  by  a  workman 
who  has  other  duties  to  perform.  In  a  small  mine  the  tipple 
foreman  can  attend  to  the  station,  while  in  a  shaft  mine  the 
station  should  be  located  in  the  hoist  room  and  looked  after 
by  the  hoist  engineer.     In  a  large  mine  requiring  more  than 
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one  station,  they  should  be  located  centrally  to  the  work 
to  save  the  expense  of  heavy  copper  feeders.  The  substation 
can  often  be  located  near  the  fan  so  that  the  same  operator  can 
look  after  both.  When  the  d-c.  feed  wires  cannot  be  carried 
into  the  mine  by  one  of  the  openings,  bore  holes  can  be  used, 
as  it  is  comparatively  simple  to  maintain  a  500-volt  cable  in- 
stalled in  a  bore  hole. 

In  regard  to  locating  the  substation  underground  there  are 
many  objections  to  this.  Beside  the  source  of  danger  from 
fire  there  is  most  always  considerable  dampness  underground 
which  not  only  weakens  the  insulation  but  causes  corrosion  of 
unprotected  metallic  parts.  It  is  practically  impossible  to  make 
an  undergroimd  substation  free  from  moisture,  and  good  ven- 
tilation is  often  difficult  to  obtain.  This  matter  of  ventilation 
is  very  important  as  the  heat  losses  in  the  apparatus  must  be 
carried  away  so  that  the  capacity  of  the  machines  will  not  be 
impaired.  This  question  will  be  readily  appreciated  when 
it  is  considered  that  one  kilowatt  loss  per  minute  is  equal  to 
57  B.t.u.,  which  is  equivalent  to  heating  about  3001  cu.  ft. 
(84  cu.  m.)  of  air  one  degree  fahr.  per  minute.  The  total  loss 
in  a  200-kw.  station  will  be  approximately  15  kw.  The  heat 
generated  will,  however,  help  to  keep  the  substation  dry  in  con- 
junction with  proper  drainage  and  pumping. 

All  underground  substations  should  be  ventilated  with  in- 
take air  and  all  high-tension  cables  should,  when  possible,  be 
carried  to  the  substation  in  the  intake  airway.  This  may  work 
a  hardship  particularly  if  the  mine  is  shaft  operated  and  a  blow- 
ing fan  is  used,  as  it  is  practically  impossible  to  maintain  wires 
in  a  shaft  of  this  kind  on  account  of  the  high  air  velocity.  The 
writer  knows  of  mines  of  this  type  where  it  is  unsafe  for  a  man 
to  attempt  to  ascend  the  stairway,  much  less  do  any  work 
while  the  fan  is  in  operation. 

Very  often  considerable  coal  dust  and  pure  sand  is  picked 
up  by  the  air  currents  which  is  a  rather  severe  matter,  as  the 
dust  and  sand  plays  havoc  with  the  bearings  and  oiling  systems. 

A  very  important  point  regarding  the  construction  of  an 
underground  substation  is  the  cost  of  construction,  which  is 
considerably  greater  than  building  on  the  surface.  Since 
there  is  always  danger  of  the  roof  giving  way,  the  roof  should 
be  arched  or  built  of  heavy  reinforced  concrete  and  the  whole 
station  made  fire  proof.  For  a  200-kw.  substation  the  dimen- 
sions should  not  be  less  than  24  by  24  by  12  ft.  (7.3  by  7.3  by 
3.6  m.)  high. 
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With  the  substation  located  imdergroiind  it  is  generally 
necessary  to  carry  a  high-tension  cable  through  a  bore  hole. 
With  the  station  located  on  the  surface  this  cable  will  be  a  low- 
tension  cable  and  there  will  be  no  trouble  to  maintain  it.  A 
satisfactory  method  is  to  use  "  lead  *'  covered  cable  attached 
to  a  messenger  cable  about  every  30  feet  by  wiped  joint  or 
suitable  clamps  which  will  not  injure  the  lead.  The  high- 
tension  cable  is  much  more  difficult  to  maintain,  and  most 
mine  electricians  know  what  it  means  to  maintain  high-tension 
insulated  cable  in  deep  shafts  and  in  bore  holes. 

The  question  of  attendance  for  an  underground  substation 
is  a  serious  one  and  actual  experience  has  taught  the  writer  that 
it  is  impossible  to  get  men  underground  to  give  machinery  the 
same  attention  they  will  give  it  on  the  surface.  This  is  par- 
ticularly true  of  the  night  shift,  as  it  has  been  found  that  there 
is  a  greater  tendency  among  men  to  sleep  on  the  night  shift 
in  mines,  than  on  the  same  shift  outside.  This  may  be  due  to 
the  mine  atmosphere,  which  is  often  contaminated  with  gas 
from  gob  workings. 

In  regard  to  the  general  design  and  construction  of  a  mine 
substation,  space  economy  should  be  given  consideration,  but 
care  must  be  exercised  to  see  that  there  is  plenty  of  room  for 
making  repairs  and  replacements. 

The  operating  requirements  of  a  substation  in  regard  to  con- 
tinuous service  may  vary  from  a  few  hours  per  day  to  prac- 
tically continuous  service.  As  due  provision  must  be  made 
for  inspection  and  repairs  it  is  quite  evident  that  in  case  of 
continuous  operation,  attention  must  be  given  to  the  proper 
sectionalization  of  the  apparatus  and  duplication  of  the  equip- 
ment. 

A  very  important  point  to  consider  is  the  relative  attention 
that  will  be  given  to  the  operation  of  its  station  by  the  consumer 
and  the  central  station  company.  It  is  only  natural  that  the 
consumer  will  want  to  supervise  the  operation  of  his  own  sta- 
tion so  that  it  is  evident  that  any  complications  in  switching 
equipment  and  control  apparatus  should  be  avoided. 

The  substation  should  be  constructed  of  fireproof  material, 
and  all  high-voltage  apparatus  should  be  enclosed  to  secure 
maximum  safety  to  attendants.  Asbestos  lumber  should  be 
used  for  partitions  and  doors,  which  serves  as  a  protection 
against  shock  and  is  a  valuable  protection  in  case  of  fire. 

The  common  faults  in  electrical  installations  of  this  kind 
are  as  follows: 


444  BOOKER:  MINE  SUBSTATIONS  [April  10 

Exposure  of  high  and  medium  pressure  conductors  at  the 
surface  and  high  and  medium  pressure  switching  gear  under- 
ground. 

The  frames  of  high  and  medium  pressure  apparatus  not 
properly  grounded.     All  machine  frames  should  be  well  grounded. 

Switches,  cables,  rheostats,  starting  boxes,  etc.,  mounted  on 
wood  and  surrounded  by  as  much  wood  as  possible,  the  whole 
often  resulting  in  two  occurrences;  first,  a  shock  by  coming  in 
contact  with  an  exposed  live  part;  second,  fire  due  to  defective 
joints  in  cables. 

Omission  of  tubes,  where  frames  of  machines  and  brattices 
are  pierced  by  cables. 

The  common  defects  of  organization  are  as  follows: 

The  absence  of  trained  electricians. 

The  handling  of  live  wires  or  apparatus  for  adjustment  or 
repair  when  not  absolutely  necessary. 

The  absence  of  a  definite  and  distinct  rule  that  unskilled 
men  may  handle  electrical  cables  and  apparatus  only  when 
the  power  is  off. 

The  use  of  central  station  power  will  no  doubt  bring  the 
operating  force  at  the  mine  in  close  touch  with  the  central 
station  operating  force  which  is  always  ready  and  willing  to 
advise  the  coal  operator  in  regard  to  his  installation  and  opera- 
tion. 

It  is  to  be  hoped  that  improved  legislation  and  a  better  co- 
operation between  the  mining  companies  and  the  Bureau  of 
Mines  will  greatly  increase  the  safety  and  improve  the  opera- 
ting conditions  in  connection  with  the  use  of  electricity  in  mines. 
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Discussion  on  *'  Motor-Generator  Sets  vs.  Synchronous 
Converters  in  Mine  Substations  "  (Hoen),  and  "  Mine 
Substations;  Their  Construction  and  Operation  " 
(Booker),  Pittsburgh,  Pa.,  April  10,  1914. 

W.  A.  Thomas:  Unquestionably  from  the  standpoint  of 
economy  the  synchronous  converter  is  superior  to  the  motor- 
generator  set,  but  in  a  careful  analysis  of  the  mining  conditions, 
and  the  ultimate  results  to  be  accomplished,  the  question  of 
the  kilowatt-hours  per  ton  in  transformed  energy  constitutes 
a  relatively  small  proportion  of  the  total  cost.  The  method 
of  distribution  of  the  direct  current  which  has  been  converted 
has  a  great  bearing  on  this  question.  As  pointed  out  in  Mr. 
Hoen's  paper,  the  energy  in  the  small  mine  is  carried  through 
one  opening  which  is  the  main  entry,  and  when  the  bituminous 
mine,  particularly,  as  distinguished  from  the  anthracite  mine, 
comes  to  the  commercial  condition  requiring  electric  haulage, 
the  power  is  mainly  consumed  some  distance  from  the  entry. 
The  distance  of  the  point  of  consumption  from  the  mine  entry 
in  the  average  bituminous  field  is  probably  upwards  of  a  mile. 

This  gives  rise  to  the  necessity  of  over-compounding  in  order 
to  maintain  a  fairly  constant  voltage  at  the  point  of  consump- 
tion, and  even  at  that  it  is  not  practicable  to  put  in  a  distri- 
bution of  copper  in  the  mine  to  maintain  much  less  than  10  per 
cent  variation  in  voltage  at  the  point  of  consumption. 

It  is  for  this  reason  that  the  motor-generator  set  is  undoubt- 
edly more  jiopular  in  mining  work  than  the  synchronous  con- 
verter, and  this  is  particularly  true  of  the  bituminous  mines, 
where  large  areas  arc  worked  out  due  to  the  thinness  of  the 
coal.  There  is,  however,  a  field  for  the  synchronous  converter 
where  several  openings  arc  served  from  one  station,  in  which 
case  a  flat  voltage  is  desirable.  The  question  of  efficiency  of 
the  converter  over  the  motor-generator  set  is  offset,  to  some 
extent,  by  the  introduction  of  the  over-compounding,  so  that 
at  maximum  load  the  losses  due  to  the  10  per  cent  higher  volt- 
age transmission  are  less  than  on  the  flat  compoimding  with 
the  corresponding  load  on  the  station. 

A  particular  point  of  advantage  in  the  synchronous  motor- 
generator  set  as  brought  out  by  Mr.  Hoen  is  the  power  factor 
correction,  and  in  this  connection  there  is  an  interesting  devel- 
opment which  I  think  is  followed  by  practically  all  manufac- 
turers at  the  present  time,  and  particularly  in  the  low-voltage 
motor-generator  set,  of  exciting  the  synchronous  motors  from 
the  over-compounded  generator,  so  that  the  field  adjustment 
of  the  synchronous  motor  is  made  for  good  power  factor  at  light 
load,  and  the  10  per  cent  over-compounding  of  the  generator 
compensates  for  the  increased  load  on  the  synchronous  motor 
by  bringing  up  its  field  excitation.  That  is  being  given  study, 
and  the  suggestion  has  been  made  that  in  the  use  of  500-  to  600- 
volt  sets  where  a  separate  exciter  is  necessary  similar  results 
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can  be  obtained  by  one  of  two  methods,  either  to  put  a  series 
winding,  aiixiliary  to  the  shunt  winding,  on  the  field  of  the 
exciter,  the  current  in  which  shall  be  proportional  to  the  load 
on  the  direct-current  generator,  so  that  in  a  similar  manner 
the  exciter  voltage  is  brought  up  with  the  load  on  the  set;  or, 
another,  and  perhaps  a  more  advantageous  way  of  doing  this 
is  to  excite  the  field  of  the  exciter  from  the  generator  so  as  to 
get  the  benefit  of  the  over-compoimding  by  raising  the  excita- 
tion on  the  shunt  field  of  the  exciter.  This  would  prove  to  be 
advantageous,  doubtless,  in  railway  work,  as  well  as  where  the 
loads  are  greatly  fluctuating,  and  where  it  would  not,  perhaps, 
be  advantageous  to  rtm  the  excitation  of  the  synchronous  motor 
at  maximtun  at  all  loads. 

P.  M.  Lincoln:  I  have  always  felt  pretty  strongly  about 
this  matter  of  synchronous  converters  as  compared  with  motor- 
generators  where  the  problem  is  simply  one  of  transposing  al- 
ternating current  into  direct  current.  I  have  always  felt  that 
the  synchronous  converter  had  so  many  advantages  over  the 
motor-generator  that  there  was  no  question  about  it.  There 
are  certain  disadvantages,  of  course,  connected  with  the  syn- 
chronous converter  when  it  is  used.  One  of  these  disadvant- 
ages is  that  it  is  impossible  to  give  it  a  high  over-compoimding, 
and  if  over-compoimding  is  essential  to  the  use  of  direct  ciurent 
in  mines,  that  simply  means  that  the  synchronous  converter 
is  not  available. 

While  I  am  rather  familiar  with  the  apparatus  used,  yet  I 
will  have  to  confess  I  am  not  at  all  familiar  with  the  actual 
conditions  that  exist  in  mines,  and  so  I  am  unable  to  express 
an  opinion  on  the  necessity  of  this  very  high  over-compound- 
ing, which  seems  to  be  the  general  reason  for  demanding  motor- 
generators  rather  than  synchronous  converters  for  mining  work. 
The  only  thing  that  makes  the  motor-generator  more  appli- 
cable and  better  adapted  to  that  duty  is,  as  I  said  before,  the 
necessity  for  that  high  over-compounding.  If  you  can  get 
away  from  the  necessity  for  high  over-compounding,  I  do  not 
think  there  is  any  question,  in  general,  that  the  synchronous 
converter  will  be  much  better  for  the  purpose  of  getting  the 
direct-current  supply  than  any  other  piece  of  apparatus. 

N.  Stahl:  Much  of  the  emphasis  of  the  superiority  of  motor- 
generator  sets  to  synchronous  converters  for  mine  operation 
is  laid  on  the  over-compoimding  feature.  As  Mr.  Lincoln  has 
pointed  out,  it  is  undesirable,  but  not  impossible,  to  over- 
compound  the  synchronous  converter,  even  for  cases  where  the  rise 
only  amounts  to  10  per  cent  at  full  load.  The  difficulty  arises 
from  the  fact  that  so  large  an  amount  of  reactance  is  required; 
so  that  practically  it  leaves  an  undesirable  feature  on  account 
of  the  excessive  currents  which  flow  in  the  tap  coils  of  the  con- 
verter at  high  load  when  you  have  a  considerable  amount  of 
leading  power  factor  current.  The  advantage,  however,  of  the 
higher  voltage  procurable  by  the  over-compounding  of  the  motor- 
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generator  can  largely  be  eliminated  by  the  very  simple  device 
of  operating  your  converter  at  as  high  a  flat-compounding 
voltage  as  you  will  get  at  the  full-load  condition  on  the  over- 
compounded  generator.  Inquiry  develops  the  fact  that  both 
the  synchronous  converters,  now  standard  for  mine  work, 
and  the  motors  standard  for  mine  work,  are  applicable  for 
this  higher  voltage  condition  under  light  load,  so  that  excessive 
bucking  or  flashing  or  commutation  trouble  is  not  to  be  ex- 
pected. That  being  the  case,  the  argument  in  respect  to  the 
average  voltage  on  the  direct-current  line  is  in  favor  of  syn- 
chronous converters,  which  permits  a  comparison  more  or  less 
on  the  basis  of  the  curves  presented  in  Mr.  Hoen^s  paper,  which 
show,  for  a  load,  on  the  average,  of  three-quarters  full  load, 
about  7.5  per  cent  advantage  in  favor  of  synchronous  converters, 
plus  transformers,  over  the  synchronous  motor,  running  with- 
out transformers;  but,  bear  in  mind  that  in  many  cases  trans- 
formers will  also  be  required  with  the  motor-generator,  which 
will  make  the  discrepancy  still  greater  in  favor  of  the  synchron- 
ous converter. 

If  you  evaluate  for  a  particular  case  of  an  average  synchronous 
converter  substation  capacity  of  200  kw.,  on  the  basis  of  three 
hundred  working  days  of  ten  hoiu*s  each,  and  a  load  factor  of 
25  per  cent — which  presumably  might  be  much  better,  par- 
ticularly if  advantage  is  taken  of  the  present  tendencies  in  de- 
sign to  construct  machines  which  will  carry  safely  200  per  cent 
overload  for  such  length  of  time  as  is  necessary  for  the  acceler- 
ating of  trains — you  will  find,  on  a  one  cent  per  kw-hr.  basis, 
there  will  be  a  difference  in  cost  of  power  per  year  of  about 
$160,  which  represents  about  6f  per  cent  of  the  presumptive 
first  cost  of  substation  equipment  which,  by  Mr.  Hoen's  figures, 
are  placed  at  about  a  parity,  with  a  tendency,  however,  towards 
an  initial  cost  preference  in  favor  of  the  converter  and  trans- 
formers, over  the  motor-generator  alone,  as  the  capacity  in- 
creases. 

The  question  of  the  power  factor  correction  by  the  two  de- 
vices has  been  raivSed.  Mr.  Thomas  brought  up  the  point 
that  by  the  automatic  over-compounding  of  the  excitation 
of  the  synchronous  motor  directly  from  the  generator  or  other- 
wise, through  an  exciter — which,  by  the  way,  increases  the 
cost  of  the  motor-generator  set — much  of  the  inherent  auto- 
matic tendency  of  the  converter  toward  a  movement  of  the 
p>ower  factor  through  lagging  values,  at  no-load,  toward  lead- 
ing values  at  high  load,  may  be  secured  on  the  motor-generator. 
To  that  no  exception  can  be  taken,  so  far  as  it  goes.  There 
is,  however,  an  inherent  tendency  on  the  part  of  the  operating 
man  not  to  o\  er-excite  his  machine,  regardless  of  his  instructions; 
that  is,  if  his  machine  is  operating  on  the  basis  of  80  per  cent 
leading  power  factor  at  full  load,  the  tendency  is  to  get  it  as 
close  to  unity  as  possible,  and  let  it  stay  there,  or  else  imder- 
excite  the  machine,  on  the  mistaken  notion  that  over-excitation 
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wotdd  force  the  field  too  hard,  thus  making  the  system  power 
factor  worse  instead  of  better. 

While  there  is  no  question  of  the  ability  of  the  synchronous 
motor,  properly  handled,  to  effect  better  conditions  at  the 
power  house,  taking  them  as  they  are  under  present  conditions, 
yet  the  integrated  values  for  the  ordinary  set  will  show,  I  think, 
a  predominating  influence  in  favor  of  the  synchronous  converter. 

W.  A.  Thomas:  From  a  theoretical  standpoint,  the  con- 
tention of  Mr.  Stahl  is  absolutely  correct,  but  when  we  take 
into  account  the  fact  that  the  connected  apparatus  on  a  sub- 
station ranges  from  50  to  180  per  cent  over  the  capacity  of  the 
substation,  and  the  fact  that  the  average  load  factor  of  such  a 
substation  is  about  35  per  cent  of  its  capacity,  we  have  a  condi- 
tion in  which  with  constant  voltage,  motors  which  are  attached 
to  that  line  are  subjected  to  an  over-voltage.  In  other  words, 
if  we  take  the  voltage  which  is  now  practically  standard  in  coal 
mining  service,  namely,  275  volts  in  one  class,  and  600  volts 
in  the  other  class,  we  find  the  apparatus,  the  commercial  motors, 
for  pump  driving,  fan  driving,  and  for  cutting  machines,  ranged 
from  210  to  250  volts.  The  industrial  motor,  so-called,  for 
driving  pumps  and  fans,  is  standard  at  230  volts.  It  is  true  you 
can  get  motors  wound  to  250  and  275  volts,  on  their  fields,  but 
it  means  ordering  these  motors  specially,  as  no  standard  of  this 
character  has  been  established  which  is  carried  in  stock. 

In  the  buying  of  a  pump,  for  instance,  the  proposition  is  taken 
up  with  a  pump  manufacturer,  and  he  buys  a  motor  from  the 
local  stock  of  the  manufacturer  with  the  result  that  he  gets  a 
standard  motor  of  230  volts  in  the  low-voltage  class,  or  500  volts 
in  the  medium-voltage  class.  The  result  is  that  when  he  has  a 
flat  voltage  of  275  or  500  volts  and  when  the  load  is  Hght  on  the 
station,  he  will  get  the  full  voltage  of  the  circuit  on  his  motor 
field.  This  is  also  true  of  the  night  cutting  of  coal,  where  the 
load  is  relatively  small,  unless  an  adjustment  is  made  of  the  volt- 
age at  the  power  station  with  a  flat-compounding  system.  That 
adjustment,  in  the  case  of  a  converter  substation,  requires  either 
a  regulator  or  a  shifting  of  the  voltage  taps  applied  to  the 
synchronous  converters.  It  is  for  these  reasons,  mainly,  that  in 
the  installation  of  substations  the  use  of  the  motor-generator 
predominates. 

N.  Stahl:  There  is  one  point  in  connection  with  the  converter 
substations  which  should  be  mentioned.  The  use  of  synchronous 
converter  substations  in  mines  necessitates  the  use  of  two  banks 
of  transformers,  in  the  event  of  the  power  being  fed  in  at  higher 
voltage  than  2200.  One  bank  would  be  necessary  for  feeding 
the  local  mine  circuit  and  the  other  bank  for  feeding  the  syn- 
chronous converters.     That  adds  to  the  first  cost. 

Will  M.  Hoen:  From  personal  experience  in  metal  mines, 
where  the  conditions  are  better  than  in  coal  mines,  I  think  an 
underground  substation,  particularly  in  a  coal  mine,  should 
always  be  avoided  if  possible. 

In  regard  to  motor-generator  sets  and  synchronous  conver- 
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ters,  the  intention  was  merely  to  show  that  the  electrical  work 
being  done  in  mines  nowadays  is  better  than  it  was  a  few  years 
ago.  Formerly  one  generator  was  put  in  the  mine  entrance, 
copper  was  stretched  through  the  mine,  and  things  gradually 
grew  on  to  the  system.  Nowadays,  in  the  better  class  of  mines, 
with  the  use  of  substations,  their  location  and  the  distributing 
system  can  be  advantageously  planned;  so  that  the  question 
of  using  excessively  over-compounded  voltages  should  become 
of  less  interest.  It  undoubtedly  is  true  that  the  majority  of 
the  substations  have  motor-generator  sets,  and  use  over-com- 
pounded voltages.  This  requirement  is  generally  necessary  on 
account  of  locomotives  which  require  direct-current.  Although 
a  large  amount  of  copper  may  be  installed,  the  track  circuit 
is  in  bad  condition,  and  this  generally  accounts  for  the  large 
voltage  variations. 


PrestnUd  at  tht  mteting  of  the  Urhana  Section 
of  the  American  Institute  of  Electrical  Engi- 
neers. Urhana,  III.,  April  16.  1014. 
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MAGNETIC  AND   OTHER  PROPERTIES   OF  ELEC- 
TROLYTIC IRON  MELTED  IN  VACUO 


BY  TRYGVE   D.   YENSEN 


Abstract  of  Paper 


Electrolytic  iron  of  a  purity  of  99.97  to  99.98  per  cent  was 
melted  in  fused  magnesia  crucibles  in  a  modified  Arsem  furnace, 
forged  into  rods,  machined,  and  annealed  in  an  electric  furnace 
according  to  various  heat  cycles. 

The  magnetic  properties  were  obtained  by  the  Burrows 
double  bar  method.  Determinations  were  also  made  of  the  elec- 
trical resistance,  chemical  composition,  and  physical  properties, 
including  microstructure  and  critical  temperatures  as  well  as 
tensile  tests.  A  few  commercial  iron  and  steel  samples  were 
tested  for  comparison. 

The  following  valuable  results  were  obtained: 

1.  Pure  iron  melted  in  an  atmosphere  of  carbon  monoxide 
under  atmospheric  pressure  will  absorb  both  carbon  and  oxygen 
with  the  result  that  the  iron  thus  produced  is  of  an  inferior 
magnetic  quality. 

2.  Low-carbon  iron  melted  in  vacuo  will  lose  50  to  90  per 
cent  of  its  original  carbon  content. 

3.  The  magnetic  quality  of  electrolytic  iron  melted  in  vacuo 
is  decidedly  superior  to  any  grade  of  iron  thus  far  produced, 
the  maximum  permeability  obtained  being  19,000  at  a  flux 
density  of  9500  gausses.  The  average  hysteresis  loss  obtained  is 
less  than  50  per  cent  of  that  found  in  the  best  grade  of  commercial 
transformer  steel,  due  to  the  fact  that  the  coercive  force  is  very 
much  lower  than  for  silicon  steel,  although  the  retentivity  is 
higher. 

4.  The  specific  electrical  resistance  of  pure  iron  melted  in 
vacuo  is  9.96  microhms  per  centimeter  cube. 

5.  Swedish  charcoal  iron  melted  in  vacuo  has  a  magnetic 
quality  approximating  that  of  electrolytic  iron  melted  in  vacuo, 
chiefly  due  to  the  reduction  of  the  carbon  content. 

The  author  suggests  that  the  high  electrical  conductivity  and 
hence  large  eddy  current  losses  in  this  material  may  possibly  be 
greatly  reduced  by  the  addition  of  silicon  or  aluminum  without 
very  materially  affecting  the  magnetic  quality. 


Previous  to  the  beginning  of  the  twentieth  century 
*  Swedish  charcoal  iron  was  the  best  grade  of  iron  that 
could  be  found  for  magnetic  purposes.  About  that  time  Had- 
field^  produced  a  number  of  iron  alloys  that  revolutionized  the 
iron  industry  so  far  as  magnetic  iron  was  concerned.  His  2.5 
per  cent  silicon  alloy  and  2.25  per  c  nt.  aluminum  alloy  showed 
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a  higher  permeability  and  gave  a  lower  hysteresis  loss  than  the 
purest  Swedish  iron.  Perhaps  even  more  important  was  the 
high  electrical  resistance  of  these  alloys,  reducing  the  eddy 
current  loss  to  one-third  or  less  of  that  of  the  Swedish  iron 
under  identical  conditions.  At  the  same-  time  Barrett^  showed 
that  the  increase  in  electrical  resistance  due  to  the  addition  to 
pure  iron  of  one  per  cent  of  any  alloying  element  is  inversely 
proportional  to  the  atomic  weight  of  that  element. 

Since  the  time  of  the  appearance' of  Hadfield's  alloys  compara- 
tively little  improvement  has  been  made  in  the  magnetic  quality 
of  the  iron  and  iron  alloys.  What  has  been  done  has  mostly 
been  in  the  way  of  modifications  of  Hadfield*s  silicon  steel. 
In  1906,  however,  Professor  C.  F.  Burgess^  of  Wisconsin  com- 
menced a  series  of  investigations  upon  the  magnetic  and  allied 
properties  of  electrolytic  iron  and  its  alloys  with  other  elements. 
While  the  improvement  made  by  Burgess  were  not  revolutioniz- 
ing, his  investigations,  I  think,  have  pointed  out  the  direction 
in  which  improvements  may  be  expected.  In  1910,  E.  M. 
Terry^,  also  of  Wisconsin,  investigating  the  effect  of  temperature 
upon  the  magnetic  properties  of  electrolytic  iron  as  deposited, 
found  that  this  iron,  after  annealing  at  1100  deg.  cent,  and  slow 
cooling,  has  a  very  high  permeability  and  a  low  coercive  force. 
On  account  of  its  high  retentivity,  however,  the  hysteresis  loss 
was  found  to  be  higher  than  for  Swedish  charcoal  iron. 

In  1911  the  writer  commenced  an  investigation  of  the  mag- 
netic properties  of  iron  in  the  Electrical  Engineering  Depart- 
ment of  the  University  of  Illinois.  Doubly  refined  electrolytic 
iron,  deposited  according  to  the  methods  used  by  Burgess,  has 
formed  the  basis  for  the  investigation.  It  was  dei)osited  from 
Swedish  charcoal  iron,  of  the  following  composition: 

C 0.163  percent 

Si 0.032     " 

S 0.0002  « 

P none 

Mn none 

Fe  (by  difference) 99.8 


«  u 


1.  Barrett,  Brown  and  Had  field,  Jour.  Inst.  Elec.  Engrs.,  Vol.  31,  p. 
674,  1902. 

2.  Proc.  Royal  Society,  Vol.  69.  p.  480,  1902. 

3.  See  Electrochem.   &   Metal  Ind.  for  1909  and   1910.     A  series  oi 
articles  by  Burgess  and  Aston. 

4.  Phys.  Rev.,  Vol.  30,  p.  133, 1910. 
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The  doubly  refined  iron  contains: 

C 0.006  percent 

Si O.Ol       "       " 

Fe  {by  difference) 99 .  98       "       " 

The  crucibles  used  were  made  from  electrically  fused  magnesia 
containing  about  two  per  cent  silica,  and  these  crucibles  were 
placed  in  graphite  crucibles  and  securely  covered.     At  first  a 


Fig.  1 — Vacuum  Furnace 


Hoskins  resistance  furnace  was  used  for  the  melting  of  the  iron 
but  this  was  abandoned  after  a  large  number  of  attempts  had 
been  made  to  keep  the  iron  from  being  contaminated.  If  the 
crucibles  were  left  exposed  in  the  furnace  the  iron  was  so  badly 
oxidized  that  it  cracked  to  pieces  under  the  hammer  in  the  at- 
tempt to  forge  it.  If  buried  in  crushed  carbon  the  iron  absorbed 
comparatively  large  quantities  of  carbon.  Burgess  used  the 
latter  method  and  found  that  the  iron  absorbed  from  0.05  to 
0.15  per  cent  carbon,  probably  by  reducing  the  carbon  monoxide 
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gases  surrounding  it.  The  results  obtained  by  the  writer  agree 
with  those  obtained  by  Burgess,  so  far  as  the  carbon  is  concerned, 
but  as  will  be  shown  later,  carbon  alone  does  not  account  for  the 
properties  of  the  iron  thus  produced. 

In  order  to  overcome  the  difficulties  above  referred  to,  a  vac- 
uum furnace  was  constructed  in  the  shops  of  the  department, 
It  is  modeled  after  the  Arsem  type  of  furnace,  and  is  shown  in 
Fig.  1  and  Fig,  2.  The  inside  parts  consist  entirely  of  graphite 
cut  from  solid  graphite  electrodes,  with  the  exception  of  the 
water-cooled  copper  tubes,  that  ser\'e  as  supports  as  well  as  leads. 
A  Geryck  pump  is  capable  of  maintaining  a  pressure  of  0.5  cm. 
or  less  with  500  to  600  grams  of  molten  iron  in  the  furnace.     The 
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— Perueameter 


State  of  the  charge  may  be  observed  through  a  mica  window  in 
the  top. 

While  the  results  obtained  with  this  furnace  are  not  as  uniform 
as  might  be  desired,  it  must  be  remembered  that  the  tests  have 
neces-sarily  been  made  upon  relatively  small  samples,  that  the 
processes  involved  in  order  to  obtain  the  test  pieces  in  the  final 
condition  are  numerous,  and  that  the  magnetic  properties  of 
this  material  are  very  readily  affected  by  outside  influences. 
The  chemical  composition  of  the  final  iron  is  quite  uniform. 

Method  of  Magnetic  Testing 
A  number  of  different  instruments  for  the  magnetic  measure- 
ments were  tried  and  discarded.     The  main  defect  of  most  of 
them  was  that  lai^e  and  uncertain  corrections  had  to  be  made  to 
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the  readings  in  order  to  arrive  at  the  correct  resiilts.  As  it  was 
desirable  to  make  a  large  number  of  test  pieces,  Rowland's 
ring  method  was  impracticable  on  account  of  the  diflBculty  of 
construction,  and  also  because  of  the  difficulty  of  electrical  re- 
sistance measurements.  An  instrument  was  needed  that  could 
measure  accurately  the  magnetic  properties  of  relatively  short 
rods.  The  one  finally  decided  upon  was  constructed  by  the 
writer  in  the  shops  of  the  department  in  accordance  with  the 
recommendations  of  the  Bureau  of  Standards.*  The  details 
of  this  instrument'  arc  shown  in  Fig.  3  and  a  diagram  of  the  con- 
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Fig.  4 — Electrical  Connections  for  Permeameter 


nections  in  Fig.  4.  Briefly  stated,  it  consists  of  a  double  bar 
and  yoke  with  one  main  solenoid  T,  and  one  auxiliary  solenoid  A , 
separately  controlled,  and  four  compensating  solenoids,  C, 
next  to  the  yokes  connected  in  series.  Each  of  these  coils  was 
wound  with  No.  18  B.  &  S.  gage  double-cotton-covered  wire  in 
10  layers  of  exactly  20  turns  per  inch  ( =  7.875  turns  per  cm.) .  By 
means  of  the  three  secondary  coils,  /,  a  and  c,  the  magnetic  flux 

5.  Bulletin,  Bureau  of  Standards,  Vol.  6,   No.  1.     Reprint   No.  117. 

6.  For  further  information  regarding  the  various  apparatus  and  in- 
struments here  described,  the  reader  is  referred  to  Bulletin  No.  73  of  the 
Engineering  Experiment  Station  of  the  University  of  Illinois. 


456  YENSEN:  ELECTROLYTIC  IRON  [April  16 

can  be  investigated  at  different  points  of  the  magnetic  circuit 
and  equalized  by  adjusting  the  currents  in  the  magnetizing  coils. 
With  no  leakage  of  flux,  the  magnetizing  force  for  the  rod  mea- 
sured is 

Hj  =  0.4t  «t  It 

where  n-t     =  number  of  turns  per  cm.  of  main  solenoid, 

/t  =  current  in  main  solenoid  in  amperes. 
This  is  strictly  true  if  the  effects  of  the  ends  of  the  various  magne- 
tizing coils  are  negligible.  These  end  effects  have  been  calcu- 
lated and  the  correction  to  he  applied  to  H^  found  to  be  less  than 
+  1  per  cent  for  ordinary  iron  for  all  values  of  H,  For  the 
highest  permeability  iron  found  in  this  investigation,  however, 
the  correction  for  low  values  of  //,  on  account  of  the  high  com- 
pensating currents  required  in  coils  C,  has  been  found  to  vary 
from  -f4  per  cent  for  low  values  of  H  to  less  than  +1  per  cent 
for  values  of  H  =  8  or  above.  For  reasons  to  be  given  presently, 
these  corrections  have  not  been  made  in  the  results  given  in  this 
paper. 

For  the  determination  of  -B  a  ballistic  galvanometer  of  a 
15-second  period  was  at  first  employed.  This  was  calibrated  by 
means  of  a  mutual  inductance,  consisting  of  a  primary  coil, 
JIf,  10  cm.  in  diameter  and  90  cm.  long,  of  No.  18  B.  &  S.  double- 
cotton-covered  wire,  20  turns  per  inch  (  =  7.875  turns  per  cm.), 
with  a  secondary  m,  of  1260  turns  of  No.  30  double-silk-covered 
wire,  wound  in  10  layers  occupying  8  cm.  at  the  center  of  the 
primary.  The  error  due  to  the  end  effects  of  this  coil  is  such 
that  if  it  be  assumed  that  the  magnetizing  force  H^  at  the 
center  of  the  calibration  coil  M  is 

Hya  =  0.4ir  nw  /m 

then  the  values  found'  for  Bi  of  the  rod  tested  are  high  by  0.3 
per  cent. 

The  ballistic  galvanometer  served  the  purpose  very  well 
until  the  electrolytic  vacuum  iron  was  ready  to  be  measured 
in  the  annealed  state.  On  account  of  the  high  permeability 
and  low  electrical  resistance  of  this  iron,  the  change  of  mag- 
netism was  found  to  be  too  sluggish  for  accurate  determinations 
with  a  ballistic  galvanometer.  This  was  particularly  true  for 
hysteresis  determinations.  Five  or  six  seconds  were  some- 
times required  for  the  flux  to  complete  the  change,  so  that  by 
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the  time  the  galvanometer  coil  had  reached  its  maximum  de- 
flection the  flux  was  still  changing.  It  was,  therefore,  very 
evident  that  the  galvanometer  had  reached  its  limit  of  use- 
fulness, even  though  its  period  had  been  doubled. 

To  overcome  this  difficulty  a  Grassot  fluxmeter  was  used  for 
all  the  final  measurements.  In  this  instrument  the  suspension 
effect  has  been  practically  eliminated,  and  its  deflections  are 
independent  of  the  time  required  by  the  flux  to  complete  the 
change. 

All  the  different  connections  for  operating  the  permeameter 
are  made  through  rocking  mercury  switches  operated  by  means 
of  keys  similar  to  piano  keys.  In  this  manner  any  number  of 
switches  may  be  operated  simultaneously,  and  comparatively 
little  time  is  occupied  in  making  the  adjustments;  A  view  of 
the  operating  table  is  given  in  Fig.  6. 

The  magnetization  curves  are  obtained  by  the  method  of 
reversal,  by  first  adjusting  the  currents  in  A  and  C  until  the 
flux  is  equalized  at  all  parts  of  the  magnetic  path. 

The  hysteresis  loops  are  determined  in  a  similar  manner, 
but  instead  of  going  from  -f  Hmax  to— //ma«,  the  change  is 
made  by  inserting  the  resistances  R^,  Raj  and  Ri  in  the 
magnetizing  circuits  by  opening  the  switches  St  ,    5a     and    5c 

either  alone  or  simultaneously,  with  the  reversing  switches  5t  , 
5a  ,  and  5c  .  In  this  manner  the  change  is  always  made  from 
Hmax  to  the  various  points  on  the  loop,  and  the  effect  of  the 
viscosity  of  the  iron  is  eliminated. 

In  Fig.  5  are  shown  three  magnetization  curves  for  the  stand- 
ard rod,  No.  3-33  B.  One  is  drawn  according  to  the  certificate 
supplied  by  the  Bureau  of  Standards  for  this  rod.  The  other 
two  were  obtained  by  the  writer,  in  one  case  by  using  the  Grassot 
fluxmeter  and  in  the  other  by  means  of  the  ballistic  galvano- 
meter. There  is  some  doubt  as  to  the  case  of  the  discrepancy 
for  low  and  medium  densities  between  the  curve  as  obtained 
by  the  Bureau  and  that  obtained  by  means  of  the  fluxmeter. 
On  this  account  the  corrections  above  referred  to  have  not 
been  made,  as  the  writer  feels  that,  if  his  results  be  slightly  in 
error,  the  error  is  on  the  safe  side. 

Details  of  the  Experiments 

The  electrolytic  iron  previous  to  being  placed  in  the  crucible 
to  be  melted  was  crushed  into  small  pieces  and  thoroughly 
cleaned   with   hydrochloric   acid,   boiling   distilled   water,   and 
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alcohol.  It  was  then  transferred  to  the  crucible,  covered  with 
a  magnesia  cover  and  placed  in  the  vacuum  furnace.  The 
furnace  was  exhausted  immediately  and  heated  up,  slowly  at 
first,  so  as  to  give  the  absorbed  gases  time  to  escape  without 
too  much  loss  of  vacuum.  With  the  furnace  at  a  dull  red  heat 
the  melting  would  then  require  about  J  hour  with  an  input  of 
15  lew.  In  order  to  insure  homogeneity  12  kw.  was  left  on  for 
another  15  minutes  and  the  furnace  then  allowed  to  cool. 
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When  removed  from  the  furnace  the  ingots  were  as  bright 
as  silver  and  so  soft  that  they  could  be  cut  with  a  knife.  They 
were  reheated  in  a  coke  forge  to  ordinary  forging  temperatures, 
1000  to  1100  deg.  cent.,  and  forged  into  rods  about  \  in.  by 
20  in.   (1.25  by  50  cm,). 

From  these  rods  the  following  test  i)ieces  were  prepared : 

1 .  The  magnetic  test  piece,  serving  also  for  the  electric  tests, 
0.392  in.  (0.996  cm.)  in  diameter  and  14  in.  (35.5  cm.)  long. 

2.  Two  test  pieces  for  the  mechanical  tests.     These  had  a 
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middle  section  0.3  in.  (0.76  cm.)  by  IJ  in.  (3.8  cm.),  with  threaded 
ends,  i  in.  by  ^  in.  (1.25  cm.). 

3.  One  test  piece  for  the  study  of  the  microstructure,  J  in. 
by  ^  in.  (1.25  cm.). 

4.  One  test  piece  for  the  critical  temperature  determination. 
For  the  chemical  analysis  the  shavings  obtained  from  the 

preparation  of  these  test  pieces  were  collected,  after  first  re- 
moving the  outside  coating  of  oxide. 

After  being  tested  as  forged,  the  test  pieces  (1  and  3  above) 
were  sent  through  different  heat  treatments.  If  they  were  to 
be  annealed  they  were  packed  in  pulverized  magnesia  in  an  iron 
cylinder,  A ,  and  placed  in  the  annealing  furnace  shown  in  Fig.  7. 
In  order  to  minimize  the  formation  of  oxide  the  magnesia  was 
moistened  with  alcohol  to  drive  out  the  air.  After  reaching 
the  annealing  temperature  desired,  the  cooling  was  done,  in 
all  but  the  preliminary  tests,  in  accordance  with  definite  cool- 
ing curves.  The  temperature  was  measured  by  means  of  a 
platinum-platinum  +10  per  cent  rhodium  pyrometer,  cali- 
brated from  time  to  time. 

Quenching  was  done  by  placing  the  test  pieces  in  the  cylinder 
Q,  Fig.  7,  filled  with  magnesia  and  moistened  with  alcohol. 
When  the  desired  temperature  was  reached,  the  cylinder  was 
removed  from  the  furnace,  tipped  up,  and  the  contents  plunged 
into  the  quenching  bath  by  means  of  a  sharp  blow  on  the  top 
of  the  cylinder. 

As  mentioned  above,  a  small  specimen  was  prepared  for  the 
critical  temperature  determinations  of  each  rod.  These  de- 
terminations were  made  by  placing  the  specimen  in  a  J-in. 
(1.25-cm.)  '^  elcctroquartz"  pyrometer  tube,  with  the  hot 
junction  of  the  j^yrometcr  inserted  in  the  small  hole  made  in 
one  end  of  the  specimen.  The  tube  was  partly  filled  with  fused 
magnesia  and  i)laccd  in  a  Iloskins  muffie  furnace  with  the  end 
at  the  middle  of  the  furnace.  The  temperature  was  gradually 
raised  to  about  1000  deg.  cent.,  the  current  cut  off  and  the 
funiacc  allowed  to  cool  naturally,  while  the  time  interval  for 
each  10  deg.  cent,  was  obtained  by  means  of  two  stopwatches. 
From  the  data  thus  obtained  three  different  curves  were  plotted 
for  each  specimen,  namely,  (1)  the  tem])erature-time  curve, 
using  tcini)eratnre  as  abscissa  and  time  as  ordinate;  (2)  the 
temperature-rate  curve,  using  temperature  as  abscissa  and  the 
number  of  deg.  cent,  fall  in  temperature  per  minute  as  ordinate; 
(3)   the  temperature  inverse  rate  curve,  using  temperature  as 
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abscissa  and  number  of  seconds  per  deg.  cent,  fall  in  tempera- 
ture as  ordinate.  From  these  curves  the  critical  temperatures 
can  readily  be  located. 

While  this  method  is  not  as  accurate  as  the  differential  method 
by  means  of  three  thermocouples,  it  serves  as  a  check  upon  the 
other  determinations  made  in  the  course  of  the  investigation. 

From  the  chemical  analysis  of  the  Swedish  charcoal  iron  and 
the  doubly  refined  electrolytic  iron  it  is  seen  that  the  only  mea- 
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surable  impurities  in  the  latter  are  carbon  and  silicon.  As 
these  are  the  only  impurities  that  are  liable  to  be  affected  during 
the  processes  described,  it  seemed  superfluous  to  analyze  for 
anything  except  carbon  and  silicon.  A  few  analyses  were 
made  for  sulphur,  but  only  traces  could  be  found. 

All  the  rods  tested  have  been  analyzed  for  carbon  by  direct 
combustion.  On  account  of  the  small  quantities  dealt  with, 
extreme  care  had  to  be  used  in  these  analyses. 
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Results 

The  results  of  the  investigation  are  embodied  in  the  follow- 
ing tables  and  figures.     In  order  to  ascertain  the  most  favorable 

TABLE  L 

SUMMARY  OF  RESULTS 

Rods  Thoroughly  Annbaleu  at  900  Dkg.  Cknt. 


Car- 

bon 

Flux 

Hyst 

eresis 

Co- 

Re- 

Spec. 

Des- 

Fur- 

as per 

Max. 

den- 

loss, ergs  per 

ercive 

tcn- 

elect. 

Crit. 

Rod 

crip- 

nace 

chem- 

per- 

sity 

cu.   cm.  per 

force 

tivity 

resist. 

temp 

No. 

tion     of 

used  for 

ical 

mea- 

for 

cycle 

for 

for 

at20« 

Art 

iron 

melting 

analy- 

bility 

max. 

Bm- 

Bm^ 

C. 

deg. 

sis,  per 

perm. 

Bm« 

Bm- 

15000 

15000 

mic- 

cent. 

cent 

10000 

15000 

rohms 

3-38 

Electro- 
lytic 

Vacuum 

0.0104 

19000 

9600 

813 

1640 

0.295 

12100 

10.0 

905 

3-39 

* 

II 

0.0110 

16500 

8500 

880 

1860 

0.32 

12600 

9.96 

905 

3-34 

«< 

II 

0.0090 

16000 

6500 

895 

1600 

0.30 

10600 

10.2 

895 

3-49 

II 

II 

0.0120 

15400 

5000 

902 

1710 

0.31 

8100 

9.9 

3-31 

<i 

II 

0.0120 

13100 

6200 

980 

1760 

0.32 

9100 

10.03 

886 

3-43 

II 

(1 

0.0196 

12900 

5500 

1165 

2180 

0.40 

10200 

9.85 

896 

3-48 

11 

i« 

0.0080 

12600 

5500 

955 

1850 

0.29 

9300 

9.7 

3-36 

II 

II 

0.0150 

12250 

6000 

953 

1830 

0.33 

9000 

10.16 

876 

3-40 

II 

u 

0.0110 

12000 

9000 

1240 

2500 

0.36 

10100 

9.7 

896 

3-47 

II 

II 

0.0080 

11900 

8000 

1190 

2120 

0.35 

9000 

10.05 

900 

3-50 

II 

II 

0  0099 

11600 

5000 

995 

1940 

0.30 

9000 

9.7 

3-41 

II 

II 

0.0095 

11250 

4500 

1155 

2180 

0.40 

10000 

10.0 

896 

3-30 

u 

II 

0.0090 

11050 

5500 

9.94 

3-45 

II 

11 

0.0080 

10500 

9000 

1470 

2640 

0.40 

10600 

9.87 

806 

3-37 

II 

II 

0.0450 

8050 

4500 

1255 

2000 

0.40 

9500 

10.3 

886 

Avg. 

il 

11 

0.0125 

12950 

6550 

1060 

1990 

0.34 

9940 

9.96 

894 

Avg.  fc 

)r  Iron  n 

iclted  in 

resist 

.  furnace 

0.1000 

1965 

3930 

13.53 

3C01 

0.05%  C 

added 

Vacuum 

0.0130 

8600 

6000 

1405 

2300 

0.40 

10000 

10.24 

896 

3C02 

0.10%C 

added 

Vacuum 

0.0120 

7600 

7000 

1710 

3190 

0.50 

10700 

10.64 

896 

3C03 

0.50%C 

added 

Vacuum 

0.1810 

4400 

5500 

1910 

12.40 

1-21 

Sw.    chf 
remelted 

irc.    iron 
in  vacu- 

um 

0.0080 

10350 

7000 

1290 

2640 

0.48 

11200 

10.30 

COMM 

ERCIAL 

Grades 

i 

SwI-4 

Sw.  cha 

re.  iron 

cut  from 

plate. 

0.1630 

4870 

6600 

2490 

4530 

0.95 

8000 

10.67 

G1&2 

Stand. 

trans- 

former  s 

teel* 

38.50 

7000 

3320 

5910 

1.33 

9900 

11.09 

H1&2 

4  per  cci 

nt  silicon 

steel.* 

3400 

4300 

2260 

3030 

0.88 

5400] 51. 16 

♦Received   manufacturer's   standard   anneal. 


annealing  temperature,  one  of  the  rods,  No.  3-39,  was  annealed 
at  a  number  of  different  temperatures  ranging  from  500  deg. 
to  1060  deg.  cent.,  in  every  case  followed  by  a  natural  cooling 
of  the  furnace.     The  result  is  shown  graphically  in  Fig,  8. 
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Based  upon  the  results  obtained  with  No.  3^9,  the  15  rods 
made  from  electrolytic  vacuimi  iron  were  tested  after  various 
heat  treatments.  The  final  heat  treatment  received  by  all  of 
the  rods  consisted  in  annealing  at  about  900  deg.  cent,  and  cool- 
ing in  48  hours  according  to  a  straight  time-temperature  curve, 
connectii^  900  dcg.  and  200  deg.  cent.  To  give  the  details  of 
the  results  obtained  after  the  various  treatments,  would  be  be- 
yond the  scope  of  this  paper,  and  only  the  final  results  can  be 
included.     In   Table    I  the  rods  have  been  arranged  according 
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to  the  maximum  permeability  obtained  for  each  rod,  and  this 
shows  the  hysteresis  loss  and  other  magnetic  data,  as  well  as 
the  carbon  content  of  the  rods  and  their  electrical  resistance. 
The  last  column  gives  the  critical  temperature  Ari  whenever 
measured.  Fig.  9  shows  the  magnetization  cur\'es  for  the  ave- 
rage and  best  electrolytic  vacuum  iron,  and  Fig.  10  shows  the 
hysteresis  loops  and  permeabilitv  curve  for  the  best  rod,  No. 
3-38. 

For  the  sake  of  comparison  a  number  of  other  rods  have  been 
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tested  and  the  results  includ;  d  in  this  paper.  Sw.I-4  is  a  rod  cut 
from  a  plate  of  Swedish  charcoal  iron,  and  No.  1-21  is  made  from 
iron  cut  from  the  same  plate  as  Sw,I-4  and  directly  next  to  it,  but 
remelted  in  vacuo.  No.  3C01,  No.  3C02  and  No.  3C03  are 
three  rods  made  from  electrolytic  iron  with  additions  of  0.05, 
0.10  and  0.50  per  cent  carbon,  respectively,  and  melted  in  vacuo. 
G-1  and  G-2  are  two  rods  made  from  such  commercial  bars  as 
are  generally  rolled  into  sheets  known  as  "  standard  electrical 
sheets."     H-1   and  H-2  are  rods  made  from  bars  containing 
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about  4  per  cent  silicon.  These  two  sets  were  supplied  by  the 
manufacturers  and  have  received  their  standard  anneal.  They 
are  supposed  to  represent  good  commercial  steel  used  fof  elec- 
trical machinery.  Table  I  also  includes  some  information  with 
regard  to  the  properties  of  the  electrolytic  iron  as  melted  in  the 
resistance  furnace.  Figs.  11  and  12  show  the  magnetization 
curves  for  al!  the  rods,  compared  with  the  average  for  the  elec- 
trolytic iron  melted  in  vacuo,  all  after  having  received  the  final 
heat  treatment.  The  results  of  the  mechanical  tests  are  shown 
in  Table  II.     A  few  of  the  photomicrographs  are  exhibited  in 
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Pigs.  13-34,  including  most  of  those  obtained  for  rod  No.  3-39, 
as  this  rod  received  more  heat  treatments  than  any  other  rod. 
This  series  for  No.  3-39  may  be  studied  to  advantage  in  con- 
nection with  Pig.  8.  Pigs.  30  to  32  show  the  effect  upon  the  mi- 
cTDstmcture  of  adding  carbon  to  the  iron,  and  Pigs.  33  and  34 
show  the  difference  between  Swedish  charcoal  iron  before  and 
after  being  remelted  in  vacuo.  The  structure  of  the  electrolytic 
iron  melted  in  the  redstance  furnace  is  shown  in  Pig.  35.     Pi- 
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nally,  Fig.  36  is  a  sample  cooling  curve  for  the  critical  tempera- 
ture determinations. 


Discussion  of  Results 

The  results  obtained  may  perhaps  best  be  discussed  by  con- 
sidering first  the  equilibrium  diagram  for  iron-carbon  alloys. 
Pig.  37  shows  this  diagram  as  represented  by  Rozenhain. 

This  diagram  should  probably  be  modified  somewhat  in  view 
of  the  recent  researches  upon  the  critical  temperatures  for  pure 
iron.     It  has  been  shown,  for  instance,  by  Burgess  and  Crowe, 
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in  a  bulletin  just  issued  by  the  Bureau  of  Standards,  that  the 
point  F,  usually  called  Arj,  for  pure  iron  is  768  deg  cent.  Fur- 
thermore, it  has  been  shown  conclusively  that  the  temperature 
at  which  pure  iron  changes  from  a  ferromagnetic  to  a  para- 
magnetic substance  or  vice  versa,  is  785  deg.  cent.,  thus  showing 
that  these  two  transformation  points  do  not  coincide. 

Only  that  part  of  the  diagram  lying  to  the  left  of  /  will  be 
considered  here.  From  this  diagram  it  is  seen  that  after  the 
iron  has  passed  from  the  liquid  state  it  exists  in  the  form 
of  a  solid  solution  of  iron  and  carbon,  called  austenite.  When 
this  solution  cools  it  eventually  reaches  the  line  £  G  /,  where 
ferrite  crystals  begin  to  be  precipitated.     Upon  further  cooling 
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Fig.  37 — Equilibrium  Diagram  for  Iron-Carbon  Alloys,  Accord- 
ing   TO    ROZENHAIN 


the  solution,  now  enriched  in  carbon,  passes  downwards  towards 
the  right,  following  E  G  I,  more  and  more  ferrite  being  pre- 
cipitated. Finally,  upon  reaching  the  point  /,  the  part  of  the 
solution  still  remaining,  containing  now  0.9  per  cent  carbon,  is 
decomposed  into  cementite  (FcsC)  and  ferrite,  and  the  resulting 
mixture  is  called  pearlite.  At  this  temperature  the  iron  conse- 
quently consists  of  pure  ferrite  crystals  with  the  spaces  between 
the  crystals  filled  up  with  a  mixture  of  ferrite  and  cementite. 
One  generally-accepted  .theory  states  that  iron  has  three  different 
allotropic  modifications:  Alpha,  Beta  and  Gamma.  Gamma  iron 
is  stable  above  the  line  E  G  I,  Beta  iron  between  E  G  and  G  F, 
and  Alpha  iron  below  G  F.     It  has  been  shown  that  iron  in  the 
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Beta  and  Gamma  modifications  is  weakly  paramagnetic,  while 
Alpha  iron  is  ferromagnetic.  Under  certain  conditions  Beta 
and  Gamma  iron  may  exist  to  some  extent  below  the  boundaries 
just  stated.  It  is  supposed,  for  instance,  that  if  iron  be  cooled 
rapidly  from  a  high  temperature,  Gamma  and  Beta  iron  may  not 
have  sufficient  time  to  change  into  Alpha  iron.  If,  however, 
such  iron  be  reheated  to  above  the  line  EG  I  and  slowly  cooled, 
the  iron  may  ultimately  all  be  obtained  in  the  ferromagnetic 
Alpha  modification.  This  theory  is  confirmed  by  the  results 
obtained  by  Hadfield  and  Hopkinson,  who  found  that  the  "  spe- 
cific magnetism  "  of  iron-carbon  alloys  is  decreased  to  a  large 
but  uncertain  extent  by  quenching  from  a  high  temperature. 
Certain  elements,  carbon  and  manganese  for  example,  when  added 
to  the  iron  assist  in  retaining  the  iron  in  the  Gamma  form. 
Thus  Hadfield  obtained  an  iron-manganese  alloy  that  is  prac- 
tically non-magnetic  at  ordinary  temperatures. 

Another  factor  that  may  influence  the  magnetic  properties  of 
iron  is  mechanical  strain,  either  due  to  outside  influence  or  due 
to  rapid  cooling.  It  is  not  definitely  known  which  is  the  more 
important,  removing  mechanical  strain,  or  changing  all  the  iron 
into  Alpha  iron.  It  is  certain  that  both  are  important  and  that 
both  may  be  accomplished  by  proper  annealing.  It  is  well 
known  that  if,  subsequent  to  annealing,  the  iron  be  mechanically 
strained,  its  magnetic  quality  is  depreciated.  This  point  was 
confirmed  by  the  writer  while  measuring  a  rod  that  had  been 
slightly  bent  during  the  annealing  process.  Its  permeability 
seemed,  compared  with  previous  measurements,  to  be  unusually 
low.  It  was  noticed  that  in  clamping  it  in  the  permeameter  it 
had  been  strained  to  some  extent.  It  was  then  adjusted  so  as 
to  lessen  the  strain  as  far  as  possible,  and  the  permeability  was 
found  to  have  increased  materially.  This  fact  helped  to  explain 
some  rather  puzzling  results  previously  obtained  in  the  course  of 
the  investigation.  It  also  showed  that,  if  the  iron  has  not  been 
strained  beyond  a  certain  point,  the  effect  of  the  strain  is  only 
temporary. 

With  the  above  explanations  and  facts  in  mind,  the  results 
given  in  the  previous  part  of  the  paper  will  now  be  considered. 

It  is  at  once  apparent  from  Table  I  that  the  melting  of  elec- 
trolytic iron,  or  low-carbon  iron  in  general,  in  an  atmosphere  of 
carbon  monoxide  gases,  gives  the  iron  a  chance  to  absorb  carbon, 
the  amount  absorbed  varying  from  0.05  to  0.15  per  cent.  This 
result  is  in  agreement  with  the  experiments  of  Burgess  and  Aston 
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referred  to  in  the  introduction.  It  is  furthermore  seen  that  car- 
bon is  not  the  only  factor  that  affects  the  magnetic  properties 
of  iron.  Swedish  charcoal  iron,  Sw.I-4,  with  a  carbon  content  of 
0.163  per  cent,  and  3C03,  an  electrolytic  iron-carbon  alloy 
melted  in  vacuo,  with  a  carbon  content  of  0.181  per  cent,  both 
have  a  decidedly  higher  permeability  than  the  electrolytic  iron 
melted  in  the  resistance  furnace,  although  the  latter  has  an  aver- 
age carbon  content  of  only  0.10  per  cent.  Again,  the  electrical 
resistance  of  the  resistance  furnace  iron  is  13.52  microhms  while 
that  of  Sw.I-4  and  3C03  is  10.57  and  12.40  respectively.  The 
carbon  content  of  0.1  per  cent  does  not  by  itself  account  for  a 
resistance  of  13.52  microhms.  According  to  Barrett  this  resis- 
tance corresponds  to  a  carbon  content  of  0.6  per  cent.  As  car- 
bon is  probably  absorbed  from  CO  according  to  the  rieversible 
reaction 

Fe  +  CO  -:i  FeO  +  C 

it  seems  natural  to  assume  that  not  only  carbon  but  also  FeO  is 
absorbed  by  the  iron.  In  that  case  the  result  would  be  an  alloy 
of  ferrite,  ccmcntite  (FcaC)  and  iron  oxide  (Fc  O).  For  a  carbon 
content  of  0.1  per  cent  the  alloy  would  contain  1.5  per  cent  ce- 
mentitc,  and  0.59  per  cent  FeO.  While  cementite  is  slightly 
ferromagnetic,  as  shown  by  Hadfield  and  Hopkinson,  FeO  is 
paramagnetic,  and  a  very  poor  conductor  of  electricity.  With 
these  two  substances  interspersed  among  the  ferrite  crystals,  the 
low  permeability  and  high  resistance  can  be  satisfactorily  ex- 
plained. From  a  further  study  of  Table  I  it  is  seen  that  the  Swe- 
dish charcoal  iron  has  lost  nearly  all  of  its  carbon  by  being  melted 
in  vacuo,  the  carbon  content  in  the  final  iron  being  only  0.008 
per  cent.  At  the  same  time,  as  would  be  expected,  its  electrical 
resistance  has  been  slightly  lowered  and  its  magnetic  permeability 
considerably  increased.  Similarly,  the  three  iron-carbon  alloys 
melted  in  vacuo,  3C01,  3C02  and  3C03,  have  lost  the  larger 
part  of  the  carbon  added  to  them.  While  the  additions  amounted 
to  0.05,  0.10  and  0.50  per  cent  respectively,  the  chemical  analy- 
sis of  the  final  rods  shows  a  carbon  content  of  0.013,  0.012  and 
0.181  per  cent.  If  to  the  former  figures  be  added  the  carbon 
content  of  the  electrolytic  iron  as  de])osited,  namely  0.006  per 
cent,  the  loss  of  carbon  is  found  to  be  76.8,  80.5  and  64.4  per  cent 
respectively.  The  corresponding  loss  for  the  vSwedish  iron  was 
95  per  cent.  The  Bureau  of  Standards  has  demonstrated  that 
such  a  loss  occurs  by  melting  electrolytic  iron  in  vacuo,  the  loss 
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found  being  in  one  case  67  per  cent,  in  another  case  87.5  per  cent. 
In  the  present  case  the  electrolytic  iron  melted  in  vacuo  not  only 
did  not  lose  any  carbon,  but  actually  gained  a  slight  amount. 
In  order  to  explain  this  apparent  discrepancy  it  should  be  men- 
tioned that  the  pressure  used  by  the  Bureau  of  Standards 
investigators  in  their  vacuum  furnace  was  0.01  mm.  of  mercury, 
while  the  pressure  used  by  the  writer  was  from  2  to  5  mm. 
Based  upon  the  facts  above  enumerated,  the  following  explana- 
tion is  now  offered.  Any  oxygen  left  in  the  furnace  combines 
with  the  carbon  of  the  heating  element  and  forms  carbon  mon- 
oxide (CO).  This  gas,  as  already  stated  in  connection  with  the 
results  obtained  with  the  resistance  fiuTiace,  reacts  with  the  iron 
according  to  the  reversible  equation 

Fe  +  CO  !ri  FeO  +  C 

until  equilibrium  is  established.  If  now  the  pressure  in  the  fur- 
nace be  lowered  the  reaction  will  take  place  from  right  to  left; 
that  is,  any  FeO  that  may  be  present  will  be  reduced  by  the  car- 
bon in  the  iron,  with  the  result  that  the  carbon  content  will  be 
reduced  until  equilibrium  is  restored.  Conversely,  with  an  in- 
crease of  pressure  due  to  an  admission  of  oxygen,  the  reaction 
will  take  place  from  left  to  right,  and  the  carbon  content,  as  well 
as  the  FeO,  of  the  iron  will  be  increased.  Upon  this  hypothesis 
the  difference  between  the  carbon  content  obtained  by  the  Bur- 
eau of  Standards  and  that  obtained  by  the  writer  is  immediately 
explained. 

The  changes  in  the  structure  of  the  Swedish  iron  are  very  well 
illustrated  by  the  photomicrographs  shown  in  Figs.  33a  and  33b 
and  Fig.  34.  Fig.  33a  shows  the  non-homogeneous  Swedish 
iron  as  rolled.  The  dark  spots  are  probably  partly  slag  and  partly 
pearlite,  shown  to  a  higher  magnification  in  Fig.  33b.  Fig.  34 
shows  the  iron  after  being  melted  in  vacuo,  being  perfectly  homo- 
geneous and  without  any  sign  of  pearlite.  Figs.  30  to  32  show 
the  structure  for  the  iron-carbon  alloys  3C01 ,  3C02  and  3C03,  veri- 
fying in  general  the  chemical  analysis  as  to  carbon  content.  By 
referring  to  Fig.  11  and  Table  I,  it  is  seen  that  the  electrical  resis- 
tance and  magnetic  permeability  for  these  iron-carbon  alloys  are 
not  strictly  in  accordance  with  the  chemical  analysis.  From  the 
latter,  3C01  and  3C02  are  approximately  alike,  while  the  elec- 
trical and  magnetic  tests  indicate  that  3C02  should  have  a 
higher  carbon  content  than  3C01.     Why  this  discrepancy  should 
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exist  is  difficult  to  explain,  as  the  analysis  for  3C02  was  repeated 
four  times,  giving  results  that  agreed  quite  closely. 

The  effect  of  annealing  at  different  temperatures  is  shown 
graphically  in  Fig.  8.  From  this  figure  it  is  seen  that  the  per- 
meability increases  quite  uniformly  as  the  annealing  temperature 
is  raised,  at  first  slowly,  and  then  very  rapidly  as  the  annealing 
temperatures  are  raised  from  700  to  800  deg.  cent.  Above  900 
deg.  cent,  some  uncertainty  appears.  The  permeability  is 
decreased  for  950  deg.  and  again  increased  for  1000  deg.  cent* 
Whether  this  result  is  due  to  mechanical  strain  in  clamping  the 
rod  in  the  permeameter  or  whether  it  is  due  to  different  rates  of 
cooling  or  to  some  other  cause,  the  writer  is  not  prepared  to  say. 
From  the  experience  previously  related  it  seems  most  probable 
that  the  drop  for  950  deg.  is  due  to  mechanical  straining,  as  it 
occtirs  for  low  values  of  H  only.  The  experiments  of  Terry  show 
that  1100  deg.  cent,  is  the  most  favorable  annealing  temperature 
for  pure  iron.  While  the  results  shown  in  Fig.  8  are  not  conclu- 
sive in  themselves,  they  help  to  confirm  the  results  obtained 
by  Terry.  Another  interesting  point  is  shown  in  Fig.  8.  For 
values  of  /f  =  8,  or  above,  the  permeability  is  decreased  by  an- 
nealing at  temperatures  above  900  deg.  cent.,  and  does  not  return 
to  the  higher  value  by  further  annealing  at  lower  temperatures. 
Furthermore,  upon  annealing  successively  at  decreasingly  lower 
temperatures,  the  permeability  is  increased  for  low  values  of  H, 
Such  a  process  is,  of  course,  equivalent  to  annealing  at  the  high- 
est temperature  and  cooling  at  a  slower  rate  than  was  used  for 
each  of  the  successive  annealings.  This  assumption  was  veri- 
fied by  annealing  at  900  deg.  cent,  and  cooling,  first  in  24  hours 
according  to  a  logarithmic  time-temperature  curve,  and  finally 
in  48  hours  according  to  a  straight  line  connecting  900  and  200 
deg.  cent.  These  treatments  increased  the  permeability  con- 
siderably for  low  values  of  H,  but  did  not  alter  it  for  high  values 
of  H.  Quenching  from  1000  deg.  cent,  in  iced  brine  produced  a 
decidedly  magnetic  hardening,  but  this  hardening  was  again 
removed  by  reheating  to  900  deg.  cent,  and  slow  cooling. 

The  results  obtained  with  rod  No.  3-39  are  confirmed  by  those 
obtained  with  the  three  groups  of  rods  made  from  electrolytic  iron 
melted  in  vacuo.  Thus,  the  rods  of  group  2,  including  Nos. 
3-34,  3-36,  3-37  and  3-38,  that  were  reheated  to  forging  tempera- 
ture, between  1000  and  1100  deg.  cent.,  give  a  decidedly  lower 
permeability  for  high  values  of  H  than  rods  that  have  not  been 
heated  above  900  deg.  cent.     The  same  is  shown  by  the  results 
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obtained  for  the  rods  of  group  4,  including  Nos.  3-48,  3-49  and 
3-50,  after  these  rods  had  been  annealed  at  1080  deg.  cent. 
Whether  annealing  at  temperatures  above  900  deg.  cent,  im- 
proves the  permeability  for  low  values  of  H  has  not  been  defi- 
nitely demonstrated  by  this  investigation.  As  was  mentioned 
above,  Terry  has  shown  that  1100  deg.  cent,  is  the  most  favor- 
able annealing  temperature  for  electrolytic  iron  as  deposited, 
as  this  gave  a  lower  hysteresis  loss  than  annealing  at  lower 
temperatures.  To  be  sure,  the  rods  belonging  to  group  2,  as 
well  as  rod  No.  3-39,  that  some  time  dtiring  the  process  were 
heated  above  1000  deg.  cent.,  include  the  best  rods  magnetically 
of  the  entire  series.'  But  the  rods  of  group  4  were  not 
improved  materially  by  annealing  at  1080  deg.  cent,  after  having 
previously  been  annealed  at  900  deg.  cent. 

The  average  magnetization  curve  for  electrolytic  iron  melted 
in  vacuo,  as  shown  in  Figs.  11  and  12,  is  based  upon  the  results 
obtained  after  the  final  heat  treatment,  whether  this  gave  the 
best  results  for  each  particular  rod  or  not.  This  average  also 
includes  the  results  for  rod  No.  3-37,  that  perhaps  should  have 
been  thrown  out.  The  average  curve  is,  therefore,  somewhat 
lower  than  might  be  expected  for  15  rods  treated  under  more 
favorable  conditions.  However,  it  serves  to  indicate  the  place 
occupied  by  electrolytic  vacuum  iron,  in  relation  to  other  grades 
of  iron. 

While  the  curve  for  the  electrolytic  vacuum  iron  is  the  highest 
of  those  represented  in  Fig.  12,  the  curve  for  the  Swedish  char- 
coal iron  remelted  in  vacuo  is  a  close  second,  and  these  two  are 
far  above  the  curves  for  commercial  iron  used  at  present  for 
magnetic  purposes.  The  maximum  permeability  for  the  average 
magnetization  curve,  as  shown  by  Table  I,  is  12,950,  occurring 
at  a  flux  density  of  6550  gausses.  The  maximum  obtained, 
however,  is  19,000  for  rod  No.  3-38,  at  a  flux  density  of  9500 
gausses. 

Terry  gives  11,000  as  the  maximum  permeability  obtained  for 
electrolytic  iron  as  deposited,  but  it  is  not  perfectly  clear  whether 
this  permeability  occurred  at  ordinary  temperatures  or  in  the 
neighborhood  of  760  deg.  cent.,  as  he  compares  this  maximum 
value  obtained  with  that  obtained  by  Morris  (15,000)  and  that 
obtained  by  Wells  (17,000),  both  of  which  occurred  at  very  low 

7.  Rod  No.  3-37  has  an  exceptionally  low  permeability  but  this  rod 
had  probably  had  an  accident  sometime,  as  the  chemical  analysis  shows 
that  it  contains  0.045  per  cent  carbon. 
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flux  densities  and  near  the  critical  temperature,  785  deg.  cent. 
However,  it  is  believed  that  Terry's  maximum  occurred  at  room 
temperature  after  annealing  at  1100  deg.  cent. 

While  high  permeability  is  of  interest  for  certain  purposes, 
the  characteristics  of  iron  that  are  of  special  interest  to  the 
manufacturer  and  user  of  electrical  machinery  are  hysteresis  and 
eddy  current  losses,  the  latter  depending  largely  upon  the  elec- 
trical resistance  of  the  iron. 

From  Table  I  the  hysteresis  loss  for  Bmax  =  10,000  is  seen  to 
be  less  than  one-half  as  high  for  the  average  electrolytic  vacuum 
iron  as  it  is  for  the  commercial  silicon  steel,  while  for  Bmax  = 
15,000,  the  corresponding  figure  is  about  two-thirds.  The  rea- 
son why  the  hysteresis  loss  for  the  vacuum  iron  is  not  even  still 
lower,  compared  with  commercial  iron,  is  readily  seen  by  looking 
at  the  figures  for  retcntivity.  (See  also  Fig.  10).  While  the 
retentivity  for  Bmax  =  15,000  is  9940  for  the  average  electrolytic 
vacuum  iron,  it  is  only  5400  for  silicon  steel.  The  hysteresis 
loss  for  Hadfield's  best  magnetic  steels,  the  2^  per  cent  silicon 
alloy  and  the  2 J  per  cent  aluminum  alloy,  as  reported  by  Barrett, 
Brown  and  Hadfield,  for  B^nax  =  9000  is  1550  and  1440  ergs, 
respectively,  per  cu.  cm.  per  cycle.  Comparing  these  results,  it 
is  seen  that  in  spite  of  the  high  retentivity,  the  hysteresis  loss 
for  the  electrolytic  vacuum  iron  is  much  lower  than  for  any  ma- 
terial thus  far  i)roduced,  of  which  the  literature  gives  information. 
This  is  due  to  the  low  coercive  force,  namely,  0.34  gilbert  per  cm., 
this  being  the  average  value  for  the  15  rods. 

The  electrical  resistance  for  the  average  vacuum  iron  is  9.96 
microhms  per  cm.  cube.  The  resistance  for  the  standard  trans- 
former steel  is  11.09  microhms,  while  that  for  the  silicon  steel  is 
51.15  microhms.  Thus  the  eddy  current  losses  per  unit  volume, 
for  the  same  thickness  of  sheet  and  for  the  same  maximum  flux 
density,  would  be  much  in  favor  of  the  silicon  steel.  However, 
it  is  dcfinitclv  known  that  the  resistance  of  the  latter  can  be 
raised  by  the  addition  of  silicon  or  aluminum.  What  the 
effect  of  such  additions  upon  the  magnetic  quality  of  the  iron 
will  be,  remains  to  be  seen,  but  judging  from  the  effect  they  have 
upon  commercial  grades  of  iron,  it  seems  probable  that  it  will 
not  be  harmful. 

While  the  ])hotoniicr<^<^rai)lis  are  of  interest  primarily  as 
showing  the  structure  of  electrolytic  vacuum  iron  in  general, 
and  in  what  respects  it  differs  from  other  grades  of  iron,  certain 
conclusions  as  to  the  relation  between  the  microstructure  and 
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the  magnetic  quality  of  the  iron  may  be  drawn.  Considering  the 
series  for  rod  No.  3-39,  it  appears  that  there  is  no  general  growth 
in  the  size  of  crystals.  Annealing  above  900  deg.  cent.,  with  sub- 
sequent slow  cooling,  breaks  the  oystals  up  into  smaller  parts. 
Quenching  from  1000  deg.  cent.,  this  fine  structure  again  gives  way 
for  larger  crystals  with  indefinite  boimdaries,  but  the  fine  struc- 
ture reappears  upon  subsequent  annealing  and  slow  cooling.  The 
structure  that  seems  to  give  the  best  magnetic  quality  is  that 
shown  in  Figs.  19  and  21  for  rod  No.  3-39.  This  same  structure 
is  obtained  for  the  best  rod  of  the  series,  No.  3-38,  as  shown  in 
Fig.  25,  and  for  No.  3-31,  in  Fig.  23.  The  results  of  the  critical 
temperature  determinations  show  that  the  point  Arg  (see  Fig. 
37)  for  the  average  electrolytic  vacuum  iron  is  894  deg.  cent., 
agreeing  with  the  value  found  by  the  Btu-eau  of  Standards  for 
pure  iron. 

Table  II  shows  that  magnetic  and  mechanical  hardness  go 
together,  and  serves  to  confirm  further  the  results  obtained  by 
previous  writers.  It  emphasizes  the  extreme  mechanical  soft- 
ness of  the  electrolytic  iron  melted  in  vacuo,  particularly  after 
annealing  at  900  deg.  cent.  In  comparing  Nos.  3C01,  3C02 
and  3C03  with  the  rest  of  the  rods,  it  should  be  remembered 
that  the  actual  carbon  content  of  these  rods  is  0.013,  0.012  and 
0.181  per  cent,  respectively. 

Summary  and  Conclusion 

The  results  recorded  in  the  previous  pages  may  be  summarized 
as  follows: 

1.  Pure  iron  melted  in  an  atmosphere  of  carbon  monoxide, 
under  atmospheric  pressure,  will  absorb  both  carbon  and  oxygen, 
with  the  result  that  the  iron  thus  produced  is  of  an  inferior  mag- 
netic quality. 

2.  Low-carbon  iron  melted  in  vacuo  will  lose  50  to  90  per  cent 
of  its  original  carbon  content. 

3.  The  magnetic  quality  of  electrolytic  iron  melted  in  vacuo 
is  decidedly  superior  to  any  grade  of  iron  thus  far  produced,  the 
maximum  permeability  obtained  being  19,000  at  a  flux  density 
of  9500  gausses.  The  average  hysteresis  loss  obtained  is  less 
than  50  per  cent  of  that  found  in  the  best  grades  of  commercial 
transformer  iron. 

4.  The  specific  electrical  resistance  of  pure  iron  melted  in 
vacuo  is  9.96  microhms. 

5.  Swedish   charcoal   iron  melted  in  vacuo  has  a  magnetic 
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quality  approximating  that  of  electrolytic  iron  melted  in  vacuo, 
chiefly  due  to  the  reduction  of  the  carbon  content. 

From  these  facts  it  appears  that  a  superior  quality  of  iron  for 
magnetic  purposes  may  be  obtained  by  melting  electrolytic  iron 
in  vacuo.  While  the  electrical  resistance  of  the  iron  thus  ob- 
tained is  very  low,  this  defect  may  be  remedied  by  the  addition 
of  such  alloying  elements  as  silicon  or  aluminum,  elements  that 
are  known  to  increase  the  electrical  resistance  very  materially 
without  affecting  the  magnetic  quality  to  any  large  extent. 
Experiments  are  now  under  way  for  determining  the  effect  of 
such  alloying  elements,  and  the  results  will  be  published  at  some 
later  date. 

Whether  iron  melted  in  vacuo  will  ever  become  a  commercial 
product  depends,  of  course,  upon  whether  any  apparatus  can 
be  devised  for  producing  such  iron  on  a  commercial  scale  at  a 
cost  that  will  not  be  prohibitive. 

In  conclusion,  the  writer  wishes  to  acknowledge  his  indebted- 
ness to  a  large  number  of  persons  connected  with  various  depart- 
ments of  the  University  of  Illinois,  who  have  rendered  valuable 
assistance  in  carrying  on  this  investigation. 

A  number  of  large  manufacturing  companies  have  also  shown 
their  willingness  to  cooperate  in  the  work,  by  going  to  great 
trouble  and  expense  in  preparing  rods  from  commercial  grades 
of  iron. 
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Abstract  of  Paper 

Maxwell's  law  for  the  attraction  between  the  halves  of  a  bar 
electromagnet  is  not  correct  for  electromagnets  of  the  plunger 
type  with  air  gaps  between  the  cores  because  the  flux  in  tne  cores 
is,  to  a  large  extent,  independent  of  the  reluctance  in  the  air  gap 
on  account  of  the  magnetic  leakage  from  the  inner  end  of  either 
core  back  to  the  other  end  of  the  same  core. 

In  this  paper,  only  the  characteristics  of  direct-current  electro- 
magnets are  discussed.  An  attempt  is  made  to  show  the  correct 
law  of  attraction  for  tractive  electromagnets  and  to  calculate  the 
value  of  the  magnetizing  force  at  any  point  along  the  axis  of  any 
solenoid.     Test  characteristics  are  given  to  support  the  theories. 

The  work  done  by  an  electromagnet  of  the  plunger  type  in 
closing  its  air  gap  is  largely  proportional  to  the  length  of  the  air 
gap,  although,  when  the  reluctance  of  the  air  gap  and  the  total 
m.m.f.  are  of  low  value,  the  law  of  Carichoff  is  approximately 
correct  for  the  total  attraction. 


THE  EXTENSIVE  use  of  electromagnets  of  the  plunger  type 
has  caused  the  details  of  their  design  to  become  increasingly  im- 
portant. They  are  frequently  divided  into  two  classes;  viz.  long- 
range  and  short  range.  The  equations  in  common  use  for  cal- 
culating the  static  pulls  due  to  short-range  electromagnets,  while 
more  or  less  satisfactory  for  relatively  short  air-gaps,  since  the 
pulls  are  usually  greater  than  calculated,  are  not  applicable  for 
predetermining  the  pulls  when  the  air  gaps  are  relatively  long. 
In  this  paper,  the  static  pull  is  always  meant. 

A  general  equation  is  desirable,  by  means  of  which  the  pulls 
may  be  predetermined  for  any  type  of  movable-core  electro- 
magnet, whether  or  not  it  is  provided  with  either  a  frame  or 
stop,  or  both.  Such  an  equation  would  be  applicable  to  electro- 
magnets designed  to  operate  on  either  alternating  or  direct  cur- 
rents, after  the  mean  effective  values  of  the  m.  m.  fs.  which  pro- 
duce the  pull  had  been  determined  at  points  throughout  the  range 
of  travel  of  the  plunger.  The  shapes  of  the  mean  effective  pull 
curves  for  alternating-current  electromagnets  would  natvu*ally 
differ  from  those  for  direct  current,  owing  to  the  different  values 
of  the  m.m.fs.  at  corresponding  points  throughout  the  range  of 
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travel,  but  the  general  law  for  the  mean  effective  jiuU  for  a  given 
m.m.f,  would  be  the  same  in  both  cases,  after  making  corrections 
for  iron  losses.* 

In  this  paper,  only  the  characteristics  of  direct-current  electro- 
magnets are  discussed.  The  voltage  across  the  windings  and  the 
current  strength  are  assumed  to  be  at  constant  value,  in  any 
given  case,  and  the  ijlungers  are  assumed  to  be  at  rest;  so  that 
it  is  not  necessary  to  consider  the  effects  of  self-induction  which 
are  in  evidence  in  alternating-current  electromagnets  and  also 
in  those  operating  on  direct  current  when  the  plunger  is  in  motion. 

The  fundamental  equation  of  Maxwell, 

5' 


Pig  2 — Macketic  Field  of  Solb; 


for  the  attraction  in  dynes  per  sq.  cm.,  does  not  apply,  either 
directly  or  tacitly,  to  the  case  of  a  solenoid-and-plunger  only,  or  to 
plunger  electromagnets  with  relatively  long  air  gaps. 

The  familar  analysis  of  Maxwell's  equation  is  here  given.  The 
magnetic  induction  B  consists  of  two  components,  4  tt  /  (7  being 
the  intensity  of  magnetization  in  the  iron)  and  the  magne- 
tizing force  H.     Hence 


B  =  iirI  +  H 


(8) 


Substituting  (2)  in  (1), 


•See  ■'  Alternating-Current  Electromagnets,"  Electrical  World,  Vol.  63. 
No.  5.  p.  260  (1914). 
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which  is  the  equation  for  the  attraction  in  dynes  per  sq.  cm.  be- 
tween the  two  halves  of  a  bar  electromagnet  separated  at  its 
middle  at  right  angles  to  the  axis  of  the  core,  but  perfectly  joined 
magnetically;  hence  there  is  assumed  to  be  no  leakage  from  the 


Field  of  Bar  Permanent  Magnbt 


ends   of  the   abutting   half-cores  back  to  the  opposite  end  of 
the  same  half-core,  as  shown  in  Fig,  1. 

Conventionally  stated,  the  attraction  between  the  ends  of  the 
iron  half -cores  is  2jr/*;  IH  is  the  attaction  between  the  half-coil 


Bar   Electrouagnet   with    Divided   Coke 


IP 

and  half-cores,  and  -^ — -  is  the  attraction  between  the  half -coils, 

which  is  not  available  in  a  single  coil  as  commonly  used  in  practise 
and  is,  therefore,  neglected. 

In  Pigs.  2  and  3  are  shown  the  fields  of  a  solenoid  and  a  bar 
permanent  magnet  respectively.  The  following  assumptions 
apply  to  Fig.  4,  which  shows  the  field  of  a  practical  bar  ele9tro- 
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magnet:  The  core  is  cut  across  at  the  middle  but  the  joint  is  as 
perfect  magnetically  as  though  the  structure  were  solid;  the  coil 
is  uniformly  wound  in  layers;  the  complete  core  fits  closelyinside 
of  the  coil,  but  either  half  can  be  moved,  without  friction,  along 
the  horizontal  axis  of  the  coil. 

When  spring  balances  arc  attached  to  the  protruding  ends  of 
the  half-cores,  and  the  coil  "  floats  "  around  the  complete  core,  the 
pull  required  to  separate  the  two  half-cores  is  2  )r  l*+IH,  since 
the  coil  is  not  divided.  Now,  as  soon  as  the  two  half-cores  are 
separated,  Maxwell's  law  no  longer  holds,  because  what  before 
was  a  single  electromagnet  has  now  become  the  equivalent  of 
three  elcotromagnets.  This  is  clearly  shown  in  Fig.  5.  Each 
half-core  now  has  a  field  like  that  of  the  permanent  magnet  in 
Fig.  3,  and  the  air  gap  has  a  similar  magnetic  field.  The  total 
m.m.f .  is  now  divided  into  three  components,  so  far  as  the  condi- 
tions inside  of  the  core  of  the  coil  are  concerned,  and  this  is  the 


basis  of  the  doctrine  of  the  effects  of  magnetic  leakage  in  electro- 
magnets of  the  plunger  type,  which  is  of  great  importance  in 
continuous- current  electromagnets  but  of  paramount  import- 
ance in  alternating-current  electromagnets. 

Figs.  6  and  7  show  the  conditions  which  exist  when  a  single  core 
or  plunger  is  inserted  different  dislanccK  within  the  coil.  The 
density  of  the  flux  within  the  solenoid  is  assumed  to  be  always 
the  same  at  a  given  point,  and  is  greatest  at  the  middle  of  the 
coil  along  the  horizontal  axis.  The  position  of  maximum  struc- 
tural flux  density  of  the  plunger  is  always,  approximately  at 
least,  half  way  between  the  inserted  end  of  the  plunger  and  the 
end  of  the  coil  at  which  the  plunger  enters.  This  is  apparent  in 
Fig.  5.  When  the  middle  of  the  plunger  is  at  the  middle  of  the 
coil,  the  two  magnetic  fields  coincide  and  force  is  required  to 
move  the  plunger  in  either  direction. 

When  two  plungers  are  placed  within  the  solenoid,  as  in  Figs. 
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5  and  8,  spring  balances  are  attached  to  the  protruding  ends,  and 
the  balances  moved  in  the  direction  of  the  arrows,  with  the  coil 
"  floating  "  on  the  plungers,  the  pull  as  measured  on  either  bal- 
ance is  the  total  pull  which  can  be  obtained  with  either  plimger, 
since  one  pull  is  active  and  the  other  is  reactive.  The  coil  merely 
acts  as  a  connecting  link  between  the  plungers.     There  is,  how- 


® 


]® 


Fig.  8 — Solenoid  with  Two  Plungers 


yy 


Fig.  9 — Solenoid  with  One  Plunger    Fig.  10 — One  of  the  Plungers 
Fixed  in  Position  is  Omitted 


ever,  some  attraction  between  the  ends  of  the  plungers,  but  this 
is  sUght  when  the  air  gap  is  so  long.  Therefore,  omitting  the 
attraction  between  the  inner  ends  of  the  plungers,  it  makes  no 
difference  whether  the  conditions  are  as  in  Fig.  8;  in  Fig.  9,  where- 
in one  plunger  is  rigidly  fastened  to  the  coil,  or  as  in  Fig.  10, 
wherein  one  of  the  plungers  is  omitted  entirely. 

In  any  case,  the  attraction 
that  draws  the  plunger  within 
the  coil  is  the  product  of  the 
average  intensity  of  magnetiza- 
tion within  the  structure  of  the 
plunger  and  the  average  mag- 
netizing force  within  the  sole- 
noid. This  is  foimd  true  by 
actual  test  and  can  be  proved 
on  the  principle  of  work  by 
assuming  the  pull  to  be  constant 
throughout  the  range  or  distance  of  travel  of  the  plunger. 
In  Fig.  8,  either  plunger,  when  acting  separately,  can  do  p/ units 
of  work,  wherein  p  is  the  pull.  The  same  holds  true  for  the  con- 
ditions in  Figs.  9  and  10.  When  both  plungers  act  together,  the 
work  done  is  2p  /i,  as  illustrated  in  Figs.  8  and  11,  but  the  work 
done  in  both  cases  is  the  same.     In  Fig.  11,  the  two  plungers  can 


Fig.  11 — Both  Plungers  Work- 
ing Together 
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lift  the  weight  W  equal  to  2p,  but  only  through  a  distance  /i, 
which  is  equal  to  — ^ .  Hence  the  attraction  or  pull  between 
a  solenoid  and  plunger  is 

Ps  =  IH  (4) 

The  magnetizing  force  at  the  center  of  a  solenoid  whose  length 
is  great  as  compared  with  its  average  radius  is 


//  =  ^-^^  (6) 


wherein  i  is  the  current  in  amperes,  n  is  the  number  of  turns  in 
the  solenoid,  and  L  is  the  length  of  the  solenoid  in  cm. 

The  magnetizing  force  at  any  point  on  the  horizontal  axis  of 
any  uniformly  wound  solenoid  is 

H  =  <^-^*'*"*  («) 


wherein  h  is  the  coefficient  of  magnetizing  force  which  is  propor- 
tional to  the  length  and  average  radius  of  the  solenoid. 

Let  -^^    =  4  TT  /  (7) 

v/herein  </><  is  the  structual  flux  in  the  plunger  and  5  is  the  cross- 
sectional  area  of  the  plunger  in  sq.  cm. 

Then  /  =  .-^'^  .  (8) 


47r5 


Substituting  (6)  and  (8)  in  (4) , 


^'~     20SL  ^  ' 


The  pull  in  dynes  is 

Pi  =  P.S  (10) 
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Substituting  (10)  in  (9), 

_  <f>iinh  .^^. 

^'  -  -WIT  ^"^ 

The  attraction  in  kg.  is 

^  <i>iinh         ^      ^1^^^  __  Mm 

20X981,000  L        19,620,000  L  ^^ 

The  approximate  values  of  the  coefficient  of  magnetizing 
force  h  are  found  in  the  manner  described  below.  The  solenoid 
is  assumed  to  be  in  the  form  of  a  hollow  cylinder  and  to  consist 
of  a  series  of  helices  of  conducting  material  wound  at  right  angles 
to  the  horizontal  axis.  The  method  is  based  on  the  well-known 
equation  for  the  magnetizing  force  H  due  to  a  single  tiun  of  the 
conductor  in  which  current  is  flowing,  as  measured  along  the 
horizontal  axis  of  the  turn. 

The  expression  is 

rj        0.2  TT  i  r* 

•^  = ^  (13) 

(r^  +  x^y 

wherein  r  is  the  average  radius  of  the  conductor  as  measured 
from  the  horizontal  axis  to  the  center  of  the  cross-section  of  the 
conductor,  and  x  is  any  point  on  the  horizontal  axis  in  either 
direction,  as  measured  from  the  vertical  axis;  r  and  x  are 
measured  in  cm. 

S.  P.  Thompson*  has  shown  a  graphical  method  for  deter- 
mining the  values  of  //  along  the  horizontal  axis  of  a  solenoid, 
which  consists  of  plotting  the  H  curve  for  each  turn  and  then 
adding  the  ordinates  of  all  of  the  curves  together.  The  first 
curve  is  due  to  a  single  turn,  while  the  adjacent  curve  represents 
the  magnetizing  force  due  to  a  second  turn,  one  centimeter  from 
the  first,  plus  that  due  to  the  first  turn.  This  general  idea  is 
carried  out  throughout  the  rest  of  the  figure.  Both  sides  of  each 
curve  are  exactly  similar.  Taking  the  maximum  value  of  H  for 
a  single  turn  as  unity,  the  maximum  value  of  H  at  the  middle  of  a 
solenoid  consisting  of  an  infinite  number  of  turns  would  be  two. 

For  the  purpose  of  this  paper,  the  values  of  h  have  been  cal- 

♦"The  Electromagnet,"  p.  248. 
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dilated  for  certain  points,  and  curves  drawn  through  these  points 

from  which  any  value  of  H  may  be  found.    The  method  consists 

of  dividing  the  length  L  of  a  solenoid  by  its  average  radius  r  and 

designating  the  quotient,  or  the  number  of  sections,  by  m;  each 

section  being  conadered  in  the  same  manner  as  each  single  turn 

in  the  method  described  above. 

Then 

L 

"^  ^  "T  (14) 

The  magnetizing  force  at  the  center  of  any  one  section  without 
any  other  section  near  it  is 

„         0.2  Tins 

^'  "  r (16) 

wherein  iij  is  the  number  of  turns  in  one  section. 

At  any  distance  x,  as  measured  in  section-lengths  on  the  hori- 
xontal  axis  from  the  center  of  the  section, 

He  =»  0.2  Ttn, 
Let 


."TTTT  (16) 


and  K  ^  qr  (18) 

Then  at  any  distance  x  on  the  horizontal  axis,  from  the  center 
of  the  section, 

*• (19) 

(f*  +  ««)' 

while  at  the  center  of  the  section,  *«  =  1 

But  X  =  r  w,  (20) 

wherein  m,  is  the  distance  in  section-lengths  from  the  center  of 
the  section. 

Therefore  A.  =  (l-h  m,«)"«  (21) 

Let'  a  represent  the  section  of  reference,  nh  the  number  of 
ions  to  the  right  of  a,  and  m^  the  number  of  sections  to  the 
a.    (See  Fig.  12). 
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Mr  ml 

1  1 

That  is,  h  represents  the  sum  of  all  of  the  values  of  „  -  '  . —  at 
the  center  of  the  section  of  reference. 

The  equation  for  h  at  the  center  of  either  end-section  may  also 
be  expressed 


■  s*-- 


m 


'-P/:: 


For  points  outside  of  the  solenoid,  c 
the  center  of  any  "  phantom  "  section. 


the  horizontal  axis,  at 


"      ^ "'  (M) 

"P 

wherein  m,  is  the  number  of  the  phantom  section. 

Likewise  the  value  of  k  at  points  midway  between  the  centers 
of  the  sections  may  be  found  by  an  equation 


,-2*-+2*- 


(SI) 


wherein  ntr  and  mi  are  the  number  of  whole  sections  to  the  right 
or  left,  respectively,  from  the  chosen  points  of  reference. 

The  equation  for  the  phantom  sections,  or  those  points  outside 
of  the  solenoid,  is 


(M) 
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Substituting  (17)  and  (18), 


*•  =  OJTi-n  (27) 


By    definition 


Therefore 


whence 


h  =  Iha  (28) 


*  =  o:2Tk  (29) 


H  =     ^'^""'^'^  (30) 


The  number  of  turns  of  conductor  in  one  section  is 


ns  = 


n 


m 


(31) 


wherein  n  is  the  total  number  of  turns  in  the  solenoid  and  m  is  the 
number  of   sections. 

Substituting  (14)  and  (31)  in  (30), 

(6)  " Z 

When  h  reaches  its  maximum  value  of  2,  as  in  a  solenoid  whose 
length  is  great  as  compared  with  its  average  radius,  the  magnet- 
izing force  at  the  center  is 

(6)  ^  =  —  L~  ~ 

In  Table  I,  the  column  marked  w,  represents  the  number  of  sec- 
tions from  the  section  of  references  as  measured  in  either  direction. 
The  section  of  reference  is  not  counted.  The  column  //«  indicates 
the  values  corresponding  to  w,  as  calculated  by  equation  (21) , 

fits 

while  in  the  column  marked  I  ha  are  given  the  sums  of  ha  cor- 

1 

responding  to  the  values  of  m,.  The  value  of  ha  for  the  section 
of  reference  is  one.  It  is  seen  that  the  series  of  ha  converges 
rapidly. 
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In  Table  II,  which  shows  the  values  of  A,  m  is  the  total  number 
of  sections  in  the  solenoid  and  a  is  the  ntunber  of  the  section  of 
reference  as  counted  from  either  end  of  the  solenoid;  1  is  an  end- 
section;  2,  3,  4,  5  and  6  are  middle  sections  when  m  is  3,  5,  7,  9 
and  11  respectively. 


TABLE  II. 

Values  of  A. 

See.  of 

Ref.  a 

1 

2 

3 

4 

5 

w 

1 

1.000 

2 

1.354 

3 

1.443 

1.707 

4 

1.476 

1.797 

5 

1.489 

1.828 

1.886 

6 

1.406 

1.842 

1.918 

7 

1.501 

1.850 

1.932 

1.949 

8 

1.504 

1.854 

1.939 

1.964 

0 

1.500 

1.857 

1.944 

1.971 

1.978 

10 

1.507 

1.859 

1.947 

1.976 

1.985 

11 

1.508 

1.861 

1.949 

1.978 

1.990 

1.993 


With  11  sections,  the  limit  two  at  the  center  of  the  solenoid 
is  approximated.  If  any  solenoid  be  bent  into  the  form  of  a  ring, 
h  will  have  a  value  of  two  at  any  point  along  what  was  formerly 
its  horizontal  axis. 

Table  III  is  similar  to  Table  I  but  shows  the  values  of  h  for 
points  midway  between  the  centers  of  the  sections.  Fig.  13 
shows  the  method  of  finding  the  values  of  h  at  other  points  be- 
tween the  centers  of  the  sections.     In  this  figure,  w  =  3. 
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Af  •  J    ftgfUe/carrf/m  distances  in  stc/ion  -  lengths  from  a 

Fig.   13 


The  curves  marked  h  in  Figs.  14  to  24  inclusive  have  been  pre- 
pared from  the  above  equations  and  tables.  The  peaks  of  the 
h  curves  in  Figs.  16  and  17  are  slightly  irregular  owing  to  the  use 
of  points  calculated  for  the  half -sections.  In  Figs.  18  to  24  in- 
clusive, only  points  for  whole  sections  were  used  for  the  peaks. 
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The  coefficient  of  m.m.f.  for  the   plunger   circuit  is  Jf.     Its 
value  is 


/,=  \\dl. 


wherein  If  is  any  distance  along  the  horizontal  axis  of  the  sole- 
noid (abscissas  in  the  figures).  In  this  paper  it  represents  the 
point  at  which  the  inserted  end  of  the  plunger  rests. 

The  If  curves  were  obtained  directly  from  the  h  curves  by 
integrating  with  a  planimetcr  from  the  extreme  left-hand  point 
of  each  curve. 
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In  each  of  the  above  figures,  the  t 
proachfs  the  limit 

/»„  =  2  m 


(33) 


wherein  m  i^;  the  number  of  sections  in  tlic  solenoid.  The  total 
m.m.f.  is,  of  course,  equally  divided  on  each  side  of  the  center  of 
the  solenoid. 

A  convenient  method    of  analyzing  the  action  of  a  solenoid 
and  plunger  is  to  think  of  the  plunger  as  having  been  inserted 
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(from' the  left  in- the  figures)  for  a  given  distance,  say  to  the  middle 
of  the  solenoid,  and  then  conceiving  the  m.m.f.  as  consisting  of 
two  components,  one  of  which  produces  the  magnetizing  force 
to  magnetize  the  plunger  while  the  other  component  produces  the 
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magnetizing  force  to  cooct  with  the  flux  in  the  plunger  and  thus 
cause  attraction. 

The  value  f,  bears  the  same  relation  to  the  m.m.f.,  Ff,  that  h 
bears  to  the  magnetizing  force.     Therefore, 


F,  ~0.2Tinf, 


(34) 
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Hence,  at  the  middle  of  any  solenoid,  the  m.fti.f.  available  to 
magnetize  tlie  |)lun^;er  is  but  one-half  of  the  total,  while,  at  other 
points  alonK  the  horizontal  axis  of  the  solenoid,  the  values  of 
Jt  are  to  be  read  from  the  curves. 
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The  magnetic  circuit  of  the  plunger  may  be  considered  as  con- 
sisting of  that  portion  of  the  plunger  which  is  inserted  into  the 
solenoid  and  the  surrounding  air  or  non-magnetic  region  between 
the  inserted  end  of  the  plunger  and  the  end  of  the  solenoid  at 
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which  the'  plunger  enters.  Actually,  the  flux  enters  or  leaves  the 
protruding  plunger  over  the  entire  area  of  that  part  of  the  plunger. 
Practically,  it  is  convenient  to  assume  that  it  enters  the  plunger 
between  a  point,  equal  to  one-half  of  one  section-length  from  the 
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Fig.   18 

end  of  the  solenoid  at  which  the  plunger  enters,  and  the  middle 
of  the  plunger.  This  makes  it  possible  to  consider  the  point /» 
as  being  at  the  center  of  the  section  of  the  same  number  as  the 
point.  Thus,  at  the  center  of  the  third  section  from,  say,  the 
Jeft-hand  end  of  the  solenoid,  /#  =  3. 
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As  the  pluiiRer  passes  into  the  solenoid,  the  iron  flux  (jn,  which 
is  cqualloS  (B  -  II),  increases,  and  the  pull,  for  a  constant  value 
of  //,    will  increase  directly  with  i^n  until  saturation  is  attained. 

Thereafter,  the  pull 


ipiin  h 


xio- 


,.                       .              /     _ 

Z      J\ 

-1      ^\ 

MZ   2      Z 

t    -/       X 

I             t    It      \ 

",      '            y -A                           S, 

^1-^                               ■-.- 

After  ihe  plunj;cr  is  saturated,  the  pull  will  vary  directly  with 
H  =  in  h.     That  is    the  pull  will  be 


IIS(B-H) 
1962  L 


-xio-^ 


(36) 


The  plunjjer  or  iron  flux  <t>i  may  be  called  the  average  effective 
flux. 

One  iM>rtion  of  the  plunger  m.m.f.  is  required  to  overcome  the 
reluctance  of  the  plunder,  and  the  other  portion  forces  the  flux 
through  the  air  from  the  inserted  end  of  the  plunger  to  the  end 
of  the  solenoid  at  which  the  plunger  enters. 

This  leads  to  the  problem  of  ascertaining  the  reluctance  of  the 
air-return  circuit.  The  mean  length  of  this  portion  of  the  plunger 
circuit  is  somewhere  between  0  and  a>  while  the  cross-section  is 
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infinite.  It  is  difficult  to  obtain  accurate  experimental  data 
owing  to  the  fact  that  the  plunger  is  not  uniformly  magnetized, 
but  may  be  saturated  at  or  near  the  middle  of  that  portion  within 
the  solenoid,  with  lessening  degrees  of  magnetization  on  either 
side  of  this  point. 
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The  avorafic  ri^luctance  of  the  air  portion  of  the  plunger  cir- 
cuit is  the  difTcrcnco  between  the  total  average  reluctance  of  the 
plunger  circuit  and  the  reluctance  of  the  plunger. 
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wherein  ^,  is  the  total  flux  in  the  plunger  circuit,  /»  is  the  length 
of  the  plunger,  in  section -lengths,  inserted  into  the  solenoid,  5 
the  cross-sectional  area  of  the  plunger  in  sq.  cm.,  and  m  the 
average  permeability  of  the  plunger. 

In  Fig.  25  are  shown  the  test  characteristics  of  an  eleven- 
section  solenoid  30.5  cm.  long  and  of  2.76  cm.  average  radius. 
The  plunger  was  of  Swedish  iron  6 .45  sq.  cm.  in  cross-section  and 
one  meter  in  length.  The  two  dotted  curves  represent  the  values 
of  h  plotted  to  such  scales  as  to  be  readily  compared  with  the 
corresponding  pulls. 


^---^■i^Ssi;.- 

"   ^"^   ?                           """^^X 

::=Z7"  =    ,..^.  -    -^< 

4    ^^                             ^^ 

Z    Z                                  ^^ 

.      ij                                       ^ 

'        /   _.:.--..    .-.".s^    -„^      ^ 

i^^  ^^^                "-==i. 

:  ft  / 

\±-/-    -      .,..=    ,- 

/^_„ -  =^. 

7     ^^ 

«  — t-J — ' — ^ — ' — ' — i — ' —  —^ — ' — ' — ' — ' — ' — ' — — — io —     I 

The  average  plunger  flux  is  calculated  from  these  data  by 
rearranging  (12),     Then 

*'  =  1Q62/-^X10«  (3^^ 

Fig.  26  shows  the  calculated  values  of  ^  plotted  against  points 
representing  the  centers  of  the  sections  of  the  solenoid.  The  cal- 
culated values  of -^  are  also  plotted  in  Fig.  26.     The  average 

0* 
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air  reluctance  can  only  be  calculated  from  the  test  data  below 
saturation.  The  slopes  of  the  curves  indicate  that  the  total 
reluctance  below  saturation  is  less  than  0 . 1  oersted. 

The  calculated  flux-densities  are,  necessuily,  only  averages. 
Owing  to  the  relatively  low  calculated  reluctances  with  the  lower 
m.iu,fs.,  it  is  evident  that  the  inserted  plunger  may  be  highly 
saturated  at  and  near  the  middle  of  that  part  inserted.  As  the 
m.m.f.  is  increased,  a  greater  portion  of  the  inserted  plunger  be- 
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comes  highly  saturated;  but  the  entire  inserted  portion  will  not 
be  uniformly  magnetized,  owing  to  the  leakage  from  all  parts  of 
its  surface. 

Under  these  conditions,  the  average  reluctance  of  the  plunger 
might  be  in  excess  of  that  of  the  air-portion  of  the  magnetic  cir- 
cuit. In  the  case  of  the  eleven -section  solenoid,  the  length  of  the 
coil  was  30.5  cm.  The  cross-sectional  area  of  the  plunger  was 
6.45  sq.  cm.  The  reluctance  of  that  portion  rf  the  plunger 
inserted  into  the  entire  length  of  the  solenoid  would,  therefore, 
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be  4.73  oersteds  with  unit  permeability.  With  an  average 
permeability  of  20,  the  average  reluctance  would  be  0.237 
oersted,  exclusive  of  that  of  the  air -return  circuit. 

Fig.  27  shows  the  results  of  a  test  of  a  five-section  solenoid  of 
3.5  cm.  average  radius.  The  plunger  was  of  cold-rolled  steel 
11.4sq.  cm.  in  cross-section  and  approximately  25  cm.  long.  The 
length  of  the  solenoid  was  17 .8  cm.  Fig.  28  shows  the  calculated 
fiux-densitics  and  reluctances.  This  figure  shows  lower  total 
reluctances  owing  to  the  greater  cross-section  of  the  plunger. 

The  rcluctanceof  the  non-magnetic  region  surrounding  a  plunger 
mustbenearly  constant  throughout  the  entire  travel  of  the  plunger 
because  the  leakage  area  of  the  plunger  increases  directly  with 
the  distance  that  the  plunger  is  inserted  into  the  solenoid.     This 
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leakage  surface  is  directly  proportional  to  the  diameter  of  the 
plunger.  The  diameters  of  the  plungers  used  in  the  tests  of  the 
eleven- sect  ion  and  five-section  solenoids  were  2.8  cm.  and  3.8  cm. 
respectively.  Hence,  the  ratio  of  the  reluctance  of  the  surround- 
ing air-spaces  should  be  as  1  to  0.74.  Taking  the  air  reluctance 
of  the  five-section  solenoid  as  0.06  oersted,  that  for  the  eleven 
section  solenoid  should  be  0 .081  oersted.  The  air  reluctances  are 
probably  lower  than  assumed. 

In  Fig.  29  arc  shown  the  calculated  characteristics  of  the  five- 
section  solenoid,  the  assumptions  being  that  the  total  reluctance 
of  the  plunger  circuit  has  a  constant  value  of  0.06  oersted  and 
that  the  limit  of  the  average  structural  flux  density  is  17,000. 
The  calculated  flux  densities  are  shown  in  Fig.  30, 


600 


UNDERBILL:  SOLENOIDS 


(Aprit  24 


Fig.  29  compares  favorably  with  Fig.  27,  excepting  that  the 
maximuin  pull  due  to  15,000  ampere-tums  is  in  excess  of  the  test 
data,  and  the  maximum  pull  due  to  20,000  ampere-tums  occurs 
at  a  point  somewhat  to  the  left  of  the  point  obsen-ed  in  the  test. 
This  is  largely  due  to  the  straight-line  magnetization  cur\-e  as- 
sumed as  in  Fig.  30.  It  is  to  be  observed  that  the  pulls  at  other 
pointson  the  curves  compare  favorably  with  the  test  data,  prov- 
ing that  the  reluctance  of  the  air-portion  of  the  magnetic  circuit 
must  below. 
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Fig.  31  shows  the  calculated  characteristics  of  the  elc\-cn- 
sectioii  solenoid.  The  assumptions  are  the  same  as  those  used 
in  the  calculation  of  the  five-section  solenoid,  excepting  that  the 
assumed  constant  reluctance  is  0.081  oersted.  The  calculated 
flux-densities  arc  shown  in  Fig.  32. 

The  remarks  regarding  Fig.  29  apply  to  Fig.  31  also.  The  pulls 
do  not  become  at  a  maximum  at  the  same  points  as  in  the  test 
curves  and  there  is  some  variation  in  these  pulls.  The  former 
is  to  be  expected  with  a  straight-line  magnetization  curve  from 
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zero  to  saturation.  The  reluctances  of  the  plungers  vary  with 
different  degrees  of  magnetization  and  the  saturation  points  of 
the  plungers,  as  well  as  constant  reluctances,  are  assumed.  The 
test  data  indicate  that  the  total  reluctance  varies  with  the  m.m.f , . 
The  effects  of  the  apparent  reaction  which  takes  place  as  the 
magnetic  center  of  the  plunger  approaches  the  magnetic  center 
of  the  solenoid,  are  evident  in  Fig.  28.  As  is  well  known,  all 
relative  movement  ceases  when  these  two  points  coincide.  In 
these  tests,  the  plungers  were  considerably  longer  than  the  sole- 
noids. 
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Figs.  27  and  2!)  illustrate  the  action  of  a  solenoid-and-plunger 
very  nicely.  When  the  flux  density  in  the  plunger  is  low,  the 
maximum  pull  may  occur  at  a  point  near  the  end  of  the  solenoid 
opposite  to  that  at  which  the  plunger  enters,  whereas,  with  high 
flux- densities,  the  maximum  pull  may  occur  when  the  inserted 
end  of  the  plunger  is  at  the  middle  of  the  solenoid.  The  pull 
cannot  be  at  a  maximum  at  points  between  the  middle  of 
the  solenoid  and  the  end  at  which  the  plunger  enters,  although  it 
may  be  nearly  uniform  for  equal  distances  on  both  sides  of  the 
middle,  in  ca.scs  of  long  solenoids,     In  cases  of  very  short  solenoids 
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the  maximum  pull  may  occur  at  points  outside  of  the  solenoid 
at  the  end  opposite  to  that  at  which  the  plunger  enters. 

Owing  to  the  low  reluctanees  of  the  plunger  circuits  of  this 
type  of  electromagnet,  the  equation 


Pi  = 


8x5 


(38) 


cannot  be  applied  to  predetermine  the  pull  due  to  plunger  electro- 
magnets, excepting  for  zero  air  gaj».    Equation  (38)  is  not  general , 
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Fig.  32 


but  is  for  the  attraction  proportional  to  (_  B  -  H  y  between  the 
plunger  and  the  stop  only.  On  account  of  the  leakage  from  the 
end  of  the  inserted  plunger  back  through  the  air  and  frame  to  the 
end  of  the  solenoid  at  which  the  plunger  enters,  when  there  is  an 
air  gap,  the  flux  densities  in  the  jjlunger  may  be  much  greater 
than  assumed,  when  the  assumption  is  that  nearly  all  of  the 
flux  passes  through  the  air  gap. 

The  magnetic  circuit  of  an  iron-clad  stopped  solenoid,  or  plun- 
ger electromagnet,  consists  of  more  than  one  path.    The  m.m.f. 
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forces  flux  through  the  air  gap  but  it  also  forces  another  flux  from 
the  end  of  the  plunger  through  the  air  and  frame  and  back  to  the 
opposite  end  of  the  plunger.  This  latter  flux  produces  a  relatively 
strong  pull  whether  any  flux  passes  through  the  air  gap,  between 
the  plunger  and  the  stop,  or  not.  There  are.  therefore,  two  sep- 
arate and  distinct  actions  to  be  considered,  viz:  the  pull  due  to 
the  flux  density,  B  -  H/in  the  air  gap  and  the  pull  due  to  the  flux 
in  the  plunger  coacting  with  the  magnetizing  force  due  to  the 
ampere  turns  in  the  solenoid. 

One  of  the  assumptions  upon  which  Maxwell's  fundamental 
equation  is  based,  is  that  there  is  no  air  gap  whatsoever  between 
the  abutting  ends  of  the  hypothetically-separated  core  of  the 
bar  electromagnet.  Hence  Maxwell's  equation  was  not  intended 
for  tractive  electromagnets.  The  conditions  imposed  by  Max- 
well clearly  indicate  that  no  work  can  be  done  by  such  an  elec- 
tromagnet. It  is  further  assumed  that  the  magnetic  circuit  is 
identical  with  that  of  a  bar  electromagnet;  that  is,  that  the 
flux  is  equally  distributed  on  each  side  of  the  middle  of  the  hy- 
pothetical zero  air  gap  and  that  there  is  no  leakage  whatsoever 
from  the  abutting  ends  of  the  half -cores  back  to  the  opposite 
end  of  the  same  half -core. 

Therefore,  the  conditions  imposed  for  the  application  of 
Maxwell's  fundamental  equation  (38)  are  entirely  different  from 
those  met  with  in  tractive  electromagnets;  particularly  that  type 
known  as  the  plunger  electromagnet. 

In  the  application  of  equation  (38)  it  is  customary  to  add  to- 
gether the  reluctances  of  the  air  gap,  plunger,  stop,  frame  and  the 
non-magnetic  joint  between  the  plunger  and  the  frame  where  the 
former  passes  through  the  latter.  The  total  m.m.f.  is  then 
divided  by  the  total  reluctance  and  the  resulting  flux  is  assumed 
to  be  the  total  flux  in  the  magnetic  circuit,  and  to  be  the  same  in 
the  air  gap  as  in  the  plunger  and  stop.  Allowance  for  leakage  is 
seldom  made  because  the  pulls,  with  moderately  long  air  gaps,  are 
usually  found  to  be  in  excess  of  those  calculated.  The  total 
flux  divided  by  the  cross -sectional  area  of  the  plunger  is  called 
the  magnetic  induction  B  in  the  plunger  and  this  value  is  also 
usually  assumed  for  the  flux-density  in  the  air  gap.  When  the 
reluctance  of  the  air  gap  is  equal  to  the  sum  of  the  reluctances 
of  the  rest  of  this  single  magnetic  circuit,  the  maximum  amount 
of  work  is  assumed  to  be  obtainable,  when  work  is  defined  as 
initial  pull  X  length  of  air  gap. 

The  total  pull,  by  Maxwell's  equation   (3),  as   modified  by 
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□electing  the  last  term  of  the  right-hand  member  (which  is  not 
available  in  a  solid  coil),  is 


in  dynes  per  sq.  cm. 


P.  =  2tP+  I  H 
Ft  =2  IT  P 


(39) 
(40) 


is  the  structural  pull,  in  dynes  per  sq.  cm.,  between  the  abutting 
ends  only  of  the  half -cores  of  the  bar  electromagnet. 

Now  when  an  air  gap  is  introduced  between  the  plunger  and 
the  stop,  the  intensity  of  magnetization  in  the  iron  does  not 
decrease  with  the  flux  density  {less  H)  in  the  air  gap  on  account 
of  the  leakage  from  the  inner  end  of  the  plunger,  through  the  air 
or  ether,  back  to  the  end  at  which  the  plunger  enters  the  coil. 


\ 

^""^ 

' — 

\ 

/ 

\ 

• 

\ 

%tt 

i 

j 

" 

I 

^_ 

.L 

1 

■^ 

1 

1 

a    0 

0 

*, 

" . 

Fic.  33— Relative  Values  of  Flux 


This  leakage  tends  to  sustain  the  intensity  of  magnetization  in  the 
plunger  and  to  produce  the  "  solenoid  pull  "  when  the  flux 
density{less  H)  in  the  air  gap  is  exceedingly  low,  or  when  there 
is  no  air  gap  (in  the  usual  sense)  as  when  only  the  plunger  is 
inserted  into  the  coil  and  there  is  no  other  magnetic  material  near. 

Generally  speaking*,  the  leakage  pull  is  a  maximum  when  the 
length  of  the  air  gap  in  a  plunger  electromagnet  is  maximum, 
but  when  the  length  of  the  air  gap  is  reduced  to  zero,  there  can 
be  no  leakage  {as  mentioned  above)  whatsoever,  and  the  law 
of  the  pull  required  to  separate  the  plunger  from  the  stop  is  then 
expressed  by  equation  (39).     On  the  other  hand,  the  air  gap 

•See  "Alternating-Current  Blectromagnets,"  Electrical  World,  Vol.  63, 
No.  6,  p.  200  (1914). 
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flux  will  vary  inversely  with  the  length  of  the  air  gap  so  that  the 
general  conditions,  so  far  as  the  air  gap  and  leakage  fluxes  are 
concerned,  are  graphically  represented  in  Fig.  33. 

It  will  now  be  seen  that  Maxwell's  law  is  true  for  a  closed  air 
gap,  under  the  ideal  conditions  previously  mentioned,  but  that 
it  does  not  hold  for  tractive  electromagnets  unless  modified  to 
allow  for  the  extra  pull  due  to  leakage.  Therefore,  the  equation 
for  the  total  pull  due  to  a  plunger  electromagnet  with  an  air  gap 
and   fixed   stop   may   be   constructed   as   follows:     From    (7), 

^  =  4  7r  /,  wherein  0^  is  the  total  structural  flux  in  the   iron. 

Let  <t>g  represent  the  flux  in  the  air  gap  less  that  due  to  the  mag- 
netizing force,  and  allow  P,  to  represent  the  pull  in  dynes  per 
sq.    cm.    in    the    air    gap    due    to    <t>g.     Then 

^'  -  "875^  (41) 

Expressed  in  dynes, 

^'-W¥S  (42) 

The  pull  in  kilograms,  under  the  above  conditions,  is 

P    =  ^*'  =      ^i^      v  10-4 

""         8  7r  X  981,000  S         247  5  ^  (43) 

Adding  equations  (43)  and  (12),  the  total  pull,  in  kilograms, 
for  a  plunger  electromagnet,  with  or  without  an  iron  frame,  or  a 
stop,    is 


=  (    ^^'      +  .^illJL)  X  10-* 
\  247  5    ^     1962  L  )  ^ 


(44) 


which  is  the  general  pull  equation  for  tractive  electromagnets 
of  the  plunger  type. 

The  flux  in  the  stop  also  coacts  with  the  magnetizing  force  in 
the  coil  which  tends  to  produce  motion,  but  the  stop  and  coil  are 
usually  fixed  in  position  so  that  no  relative  motion  results.  The 
leakage,  from  the  inserted  end  of  the  stop  back  through  the  air 
and  frame  to  the  place  where  it  is  attached  to  the  frame,  tends 
to  cause  a  greater  total  flux  to  pass  through  the  stop  than  is 
usually  calculated.  This  causes  the  reluctance  of  the  stop  to  be 
greater  than  calculated,  on  the  assumption  that  the  flux  in  the 
plunger  and  stop  is  the  same  as  that  in  the  air-gap. 
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In  Fig.  34*  are  shown  the  test  characteristics  of  the  eleven- 
section  solenoid,  30.5  cm.  long,  surrounded  by  a  massive  wrought 
iron  frame.  The  stop  was  of  the  same  material  and  of  the  same 
diameter  as  the  plunger  and  was  inserted  7.6  cm.  into  the  coil. 
All  curves  are  due  to  10,000  ampere-turns.  The  curve  P(  is  due 
to  the  plunger  electromagnet  complete;  that  marked  P,  is  due 
to  the  solenoid -and-plunger  only,  and  the  curve  marked  P,  is  the 
difference  between  the  above  curves.     Hence 


Pi=  Pi- P. 


represents  the  pull  due  to  the  flux  ii 
of   the   air   gap   in   centimeters. 


(46) 
s  the  length 
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Fig.  34 — Pull  Characteristics  of  the  Electromagnet  Te! 


The  points  marked  on  the  curve  Pi  are  the  actual  test  data  for 
the  total  pull .  The  rest  of  the  curve  ft  was  calculated  in  the  man- 
ner described   below. 

In  what  follows,  the  reluctance  R^  of  the  working  air  gap  is 
assumed  to  vary  directly  with  the  distance  between  the  plunger 
and  the  stop.  A  trial  calculation  from  the  test  data  indicated 
a  nearly -constant  reluctance,  external  to  the  working  air-gap, 
of  0.17  oersteds.  Taking  this  as  a  basis,  the  curve  Pi,  which 
agrees  closely  with  the  test  data,  was  obtained  by  adding  the  cal- 
culated air-gap  pulls  to  those  due  to  the  solenoid-and-plunger 
only. 

■Part  of  the  following  is  abstractud  from  EUclrical  World.  Vol.  59. 
No.  25.  p.  1388  (1912). 
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The  m.m.f.  for  the  air  gap  is 


K+Ri 


(M) 


wherein  F,  is  the  total  m.m.f.  {12,570  gilberts),  i?i  the  reluctance 
of  the  working  air  gap,  and  Ri  the  sum  of  the  reluctances  of  the 
plunger,  stop,  frame,  and  non-magnetic  joint  between  the  plun- 
ger and  the  frame.     Then  the  flux  in  the  air  gap  is 


F, 


(47) 


/■ 

sJ. 

y 

s. 

"■ 

> 

c 

"" 

/ 

\ 

^ 

\ 

^ 

1 

\ 

/ 

■^ 

r' 

/ 

\ 

/ 

s 

/ 

1 

' 

"- 

'^ 

* 

Pig.  .15— Fohce,  Theoretical  Flux  and  Energy  Curves  for  Air  Gap 


The  pull  due  to  the  flux  in  the  air  gap  was  calculated  by  equa- 
tion (43). 

It  has  been  theoretically  proved  that  the  maximum  amount 
of  work  (initial  pull  X  length  of  air  gap)  may  be  obtained  from 
a  plunijcr  electromagnet  when  the  reluctance  of  the  working 
air-gap  is  equal  to  tliat  of  the  rest  of  the  magnetic  circuit,*  This 
is  similar  to  the  rule  for  the  maximum  wattage  which  may  be 
obtained  in  an  clecirical  apparatus  connected  in  series  with  a 
line.  The  general  principle  is  illustrated  in  Fig.  35,  wherein  Rt 
is  assumed  to  be  constant.  The  product  of  m.m.f.  and  flux,  in 
the  air  gap,  becomes  a  maximum  when  R,  =  Ri.  Fg  4>g  is,  in  a 
way,  analogous  to  the  e.m.f.  multiplied  by  the  current  strength. 

•E.  R,  Carichoff,  EleclTical  World.   Vol.  XXIII,  pp.  113and212  (1894). 
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The  point  marked -s*-  =  1,  on  the  curve  Pg  in  Fig.  34,  is 

where  the  reluctance  of  the  air  gap  is  0.17  oersted,  which  is  the 
same  as  the  calculated  reluctance  for  the  rest  of  the  magnetic 
circuit. 

Pig.  36  shows  the  calculated  air  gap  characteristics  of  the  test 


■ 


Fig.  37 — Woek   Cvrvbs   of   Test    Electeomagnet 


electromagnet.  The  calculated  values  of  Fg  i^,  become  at  a 
maximum  when  the  air  gap  is  1 . 1  cm.  in  length,  which  is  the  point 
where  R,  =  Ri. 

The  centimeter-kilograms  of  work,  for  varyint;  lengths  of  air 
gap,  obtained  with  the  test  electromagnet,  are  shown  in  Fig.  37. 
W(  is  the  pull  X  distance  which  was  actually  obtained  with  the 
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complete  plunger  electromagnet,  while  Wg  is  the  actual  pull  X 
distance  obtained  with  the  coil-and-plunger  only.  The  curve 
marked  Wg  represents  the  difference  between  curves  W$  and 

Ws. 

Therefore,  the  maximum  amount  of  work  as  defined  above 
which  may  be  obtained  with  a  plunger  electromagnet,  with  a 
given  m.m.f .,  is  not  directly  dependent  upon  the  equality  of  the 
reluctance  of  the  air  gap  and  the  sum  of  the  reluctances  of  the 
rest  of  the  magnetic  circuit. 

The  amount  of  work  which  may  be  obtained  with  a  plunger 
electromagnet  becomes  at  a  maximum  when  the  range  or  dis- 
tance of  travel  of  the  pltmger  times  the  sum  of  the  pulls,  due  to 
the  flux  in  the  air  gap  and  to  the  flux  in  the  plunger  coacting  with 
the  magnetizing  force,  become  at  a  maximum. 

The  latter  rule  is  general  and  is  applicable  to  all  forms  of  plun- 
ger electromagnets,  with  or  without  stops  or  frames,  whether 
designed  for  alternating  or  direct  currents.  When  the  air  gap 
reluctance  and  total  m.m.f.  are  of  low  value,  the  pull  due  to  the 
''  solenoid  effect  "  may  be  negligible,  but  this  pull  increases  with 
the  m.mi .  and  is  very  marked  when  the  air  gap  reluctance  is 
relatively  high. 

The  designs  of  alternating-  and  direct-current  plunger  electro- 
magnets differ,  generally,  only  in  their  windings  and  ferric  parts; 
the  law  governing  the  mean  effective  pull  applies  to  both. 
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Discussion    on    **  Solenoids  "    (Underhill),    Washington, 
D.  C,  April  24,  1914. 

Charles  W.  Burrows:  I  would  like  to  call  attention  to  a  few 
points  in  which  I  am  not  in  complete  agreement  with  the  author. 

In  the  first  place,  Tables  I  to  IV  used  in  the  calculation  of  the 
magnetic  field  are  given*  out  to  the  sixth  place  of  decimals.  As 
the  assumptions  made  in  the  computations  did  not  seem  to  war- 
rant such  precision  I  recalculated  some  of  the  results  by  a  more 
precise  formtda,  as  follows: 


Fig.  1 

The  magnetic  field  at  any  point  on  the  axis  of  a  solenoid  is 
given  by  the  equation 


where 


i7  =  0.2  7rn/J  ^^,  ^  ^'^3^, 


dx 


(1) 


H  =  magnetizing  force  of  solenoid 
n   =  number  of  turns  per  cm. 
X    =  axial  distance  of  element  of  coil 
r    =  radius  of  coil 
/    =  current  in  amperes  in  coil. 
The  integration  of  equation  (1)  gives 


//  =  0.2  7rw/   r    ,    ^       1 


=  0,2  IT  n  I   T-^L -,-^^-1 


(2) 


where  xi  and  xo  (Fig.  1)  are  the  distances  from  the  point  where  // 
is  measured  to  the  two  bounding  planes  of  the  solenoid. 
If  we  measure  x  in  terms  of  r  and  let 


Ofi  =    —and  0^2  =  — ,  then 
r  r 


//  =  0.2  TT  «  /   (-T=^=--  -    -^^M 


(3) 


*In  the  paper  as  originally  printed. 
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The  quantity  enclosed  in  parentheses  is  a  more  exact  expres- 
sion for  what  is  called  h  in  the  paper. 


-c 


a* 


Vl  +  at 
At  the  center  of  a  coil  one  radius  long 

,1 

1 
a,  =  -2" 


?1_) 

p       V  1  +  aiV 


A    = 


1^ 
2 


y  1 + (i)'  V 


(4) 


=  ^  =  0.894 

and  not  unity  as  given  in  the  table. 
For  an  adjoining  similar  solenoid 

1 


a2  =  2 


3 


h  = 


1 


V'  +  (l)'  ^/'  +  (l)'. 


1 


\/l3       V5 


=  0.385 


and  not  0.363560  as  given  in  the  table. 

Consequently  in  Table  I,  page  487,  the  column  headed  h, 
should  be  corrected  as  follows: 


^6 


ha    as   given 


1 

2 

etc. 


0.3.53560 
0.089443 
etc. 


ha  as  corrected 
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These  errors  are  transferred  to  Table  II  on  page  488,  where 
coltmm  1  should  be  corrected  as  follows: 


umn  1  as  given 

Column  1  corrected 

1.0000000 

0.894 

1 . 353560 

1.279 

1 . 443003 

1.376 

The  most  accurate  figtu-e  in  this  table  is  in  column  6,  where  the 
number  1.992872  shotdd  be  replaced  by  the  true  value  1.968. 

All  these  errors  are  due  to  the  assumption  that  the  formula 
for  the  field  at  the  center  of  a  single  turn  holds  for  a  layer  whose 
length  is  equal  to  the  radius.  The  errors  may  be  eliminated  or 
reduced  by  taking  as  elements  shorter  lengths,  as  Mr.  Underhill 
has  done  in  his  book  on  "  Solenoids,"  or  individual  turns,  as 
Thompson  has  done. 

Even  though  suitable  accuracy  is  obtained  in  this  way,  I  do 
not  believe  the  method  is  valuable,  since  the  desired  results  can 
be  obtained  more  simply  otherwise. 

Instead  of  calculating  the  force  due  to  each  individual  element 
of  a  solenoid  we  may  approach  the  matter  from  a  somewhat 
different  point  of  view. 


COIL 


Fig.  2 

Any  finite  solenoid  as  coil  X  (Fig.  2)  may  be  considered  as 
having  been  made  from  an  infinite  solenoid  by  removing  the  two 
infinite  portions  represented  by  coil  1  and  coil  2.  The  magnetic 
field  within  the  solenoid  X  at  a  point  P  on  the  axis,  distant  from 
its  bounding  planes  by  x\  and  X2,  respectively,  is  then  equal  to  the 
field  due  to  the  original  infinite  solenoid  minus  the  fields  produced 
at  the  point  P  by  the  coils  1  and  2.  The  field  due  to  coil  2  is 
given  from  equation  (3)  by  making  at  =  <x> , 
Then 

H2  =  0,27rnl(  1  -    ,    ^^        \  --  0.2TrnIh2 
Similarly,  the  field  due  to  coil  1  is 

Hi  =  0.2  Trn  /  (  1  -     ,     ^'         )  =  0.2  irn  I  h, 

\         Vl  +  a,W 
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where  ai  and  at  are  the  distances,  in  terms  of  the  radius,  of  the 
point  P  beyond  the  free  ends  of  the  coils.42  and  1  respectively. 
For  the  original  infinite  solenoid 

H  =  0.2  Trn  /  X  2 

so  that  for  the  finite  coil  {X) , 

H  =  0.2  Trn  /  (2  -  *i  -  ht) 

hi  and  hi  may  be  called  the  end  corrections  and  are  tabulated  in 
Table  I  and  shown  in  Fig.  3. 

TABLE  I 

Showing  the  end  effects  of  a  solenoid,  where  hi  and  As  refer  to  the  corrections  for  the  two 
ends  of  the  solenoid. 

0.0  1.0000 

0.1  0.9006 

0.2  0.8030 

0.3  0.7126 

0.4  0.6286 

0.6  0.6627 

0.6  0.4866 

0.7  0.4266 

0.8  0.3766 

0.9  0.3310 

1.0  0.2928 

1.6  0.1681 

2.  0.1066 

S.  0.0611 

4.  0.0300 

5.  0.0196 

6.  0.0136 

7.  .  0.0102 

8.  '  0.0080 

9.  0.0064 
10.  0.0060 

The  data  of  this  table  are  plotted  in  Pig.  3. 

To  use  this  table  let  us  calculate  the  field  at  a  point  on  the  axis 
of  a  coil  ten  radii  long  at  a  point  two  radii  distant  from  one  end. 
From  the  table, 

Aj  =  0.1056 

As  =  0.0080 

h2+    hg  =  0.1136 
2  -0.1136  =  1.8864 
so  that 

H  =  0.2  wn  I  X  1.8864 

On  page  491  we  find  **  *  *  ♦  ♦  ♦  conceiving  the  m.m.f. 
as  consisting  of  two  components-,  one  of  which  produces  the 
magnetizing  force  to  magnetize  the  plunger  while  the  other 
component  produces  the  magnetizing  force  to  coact  with  the 
flux  in  the  plunger  and  thus  cause  attraction." 

Instead  of  considering  that  the  plunger  is  fully  magnetized 
and  the  m.m.f.  is  divided  into  two  portions,  one  of  which  mag- 
netizes but  does  not  attract  and  the  other  of  which  attracts  but 
does  not  magnetize,  I  look  at  the  matter  somewhat  differently. 
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I  consider  that  the  entire  m.m.f.  is  used  to  magnetize  the  plun- 
ger and  that  the  entire. ni.in.f.  is  also  used  to  react  on  the  mag- 
netized plunger.  To  be  sure,  the  magnetic  induction  produced 
is  not  the  greatest  possible  for  the  given  mmi,  because  of  the 
relative  positions  of  the  solenoid  and  plunger,  and  also  because 
of  the  self -demagnetizing  influence,  which  has  been  neglected 
entirely. 

The  formula  (35)  on  page  493  is  not  strictly  correct.  This  is 
evident  when  we  consider  the  special  case  of  the  bar  located 
symmetrically  within  the  solenoid.  According  to  the  formula 
the  pull  in  this  position  should  be  a  maximum.  However,  we 
know  from  experimental  evidence  that  the  pull  is  zero.  It  would 
be  better  to  say  that  the  pull  is  proportional  to  the  product  of  the 
field  strength  and  the  leakage  from  the  bar.    This  is  equivalent 


\ 1'^'^ 


Fic.  3— Ct'RVE  Showing  the  Variation  of  a  and  h. 

to  saying  that  the  pull  is  due  to  the  reaction  between  the  mag- 
netic field  and  the  free  poles. 

Fig,  26  presents  some  anomalies.  When  the  plu:ij;er  is 
inserted  almost  to  the.  far  end  of  the  solenoid  the  figure  shows 
that  10,000  ampere-turns  give  rise  to  a  greater  induction 
than  40,000.  As  it  is  obviously  impossible  that  the  larger  m.m.f, 
should  give  rise  to  the  smaller  induction,  the  premises  on  which 
these  data  were  calculated  must  be  in  error.  Equation  (37), 
page  496,  used  in  the  calculations  of  the  data  for  these  curves, 
is  open  to  the  same  objections  as  those  brought  against  equation 
(36).  The  error  due  to  assuming  that  this  equation  holds,  may 
be  enough  to  account  for  the  discrepancy. 

E.  R.  Carichoff:  In  his  reference  to  my  paper  published  in 
1894,  what  Mr.  Underbill  mentions  is  only  a  corollary  to  my  prop- 
osition, and  this  corollary  is  true  only  whcn^i  is  supposed  to  be 
constant.  My  proposition  deals  with  certain  definite  assump- 
tions, one  of  which  is  only  approximately  true — viz.,  the  assump- 
tion of  no  leakage. 
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I  will  give  here  substantially  the  discussion — ^Having  given  a 
magnet  of  definite  length  and  cross-section,  an  air  gap  of  given 
length,  and  any  constant  magnetomotive  force,  to  find  the  polar 
area  that  will  give  a  maximum  force. 

In  the  formulas,  A,  L,  B  and  H  represent  respectively  the 
area,  length,  induction  and  magnetic  force  for  the  air  gap,  and 
a,  /,  b  and  h  the  same  quantities  for  the  iron,  the  fiux  in  the  air 
gap  and  in  the  iron  being  assumed  to  be  the  same. 

P^  AB*  o,  AIP  (1) 

for  maximum  force,  or 

2A^+H=-0  (2) 

The  condition  of  constant  m.m.f .  is 

HL  +  hl  ^  constant.  (8) 

The  condition  of  no  leakage  is 

AH  ^ab  (4) 

By  differentiating  (3)  and  (4)  with  respect  to  A  and  substi- 
tuting in  (2)  we  have  the  relation 

a  db  _  A^  ._. 

Idh"   L  ^^ 

This  means  that  the  tangent  to  the  curve  representing  the  per- 
meance of  the  iron  equals  the  permeance  of  the  air  gap;  and 
ftuther,  if  /x  is  constant  it  means  reluctance  of  iron  «  reluctance 
of  air  gap. 

Again,  if  the  polar  area  is  constant  and  the  length  of  the  air- 
gap  is  made  a  variable,  the  other  conditions  remaining  as  before, 
and  the  problem  is  to  find  the  length  of  air  gap  that  wiU  make  the 
product  of  force  times  length  of  air  gap  a  maximum,  we  have 

W  ^  AB^L  ^  AIPL  (6) 

and 

maximum  work,  or 

2L^  +  H  =  0  (7) 

By  differentiating  (3)  and  (4)  with  respect  to  L  and  substi- 
tuting in  (7)  we  get  the  same  relation  given  in  equation  (6). 
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Mr.  Frank  Fowle  has  described  certain  investigations  made  by 
him  on  telegraphic  relays  which  resiilted  in  securing  greater  force 
by  means  of  enlarged  poles,  but  I  believe  that,  generally,  de- 
signers have  not  given  sufficient  attention  to  this  point. 

There  is  another  relation  that  I  have  found  most  useful,  and 
that  is — ^what  diameter  of  core  should  be  used  to  get  maximum 
force  when  the  air  gap  is  inside  the  coil  and  the  outside  diam- 
eter of  the  coil  is  fixed  and  the  heating  in  the  coil  is  a  constant. 

Oliver  Heaviside,  in  his  **  Electrical  Papers,"  Chapter  XVII, 
page  103,  gives  the  relative  diameters  of  core  and  coil  as 

y      y/b-l 
"7  =  ~2~  (8) 

where  y  is  the  diameter  of  the  core  and  x  is  the  outside  diameter 
of  the  wire  winding,  but  not  including  the  outside  wrapping. 

In  this  equation  no  allowance  is  made  for  space  between  the 
winding  and  the  core.  My  practise  is  to  allow  0.2  inch  on  each 
side  of  the  core.  With  this  constant  inserted,  the  equation  be- 
comes 

As  an  approximation  correct  within  a  small  percentage  I  use 
the  following: 

X  —0  4 

-— —  =  1.6  (10) 

y 

It  is  interesting  to  note  that  values  of  3.6  for  x  and  2  for  y 
satisfy  both  equations  (9)  and  (10). 

In  these  equations  n  is  supposed  to  be  constant. 

C.  R.  Underhill  (by  letter):  The  method  described  by  Dr. 
Burrows  for  finding  the  magnetizing  force  along  the  axis  of  a 
solenoid  is  simple  and  very  interesting.  It  is  stated  on  page  483 
of  the  paper  that  the  calculated  values  are  only  approximate. 
Therefore,  a  comparison  of  the  values  obtained  by  Dr.  Burrows's 
method  and  those  obtained  by  the  approximate  method  of  the 
author  will  be  of  interest.  In  the  following  tabic  arc  shown  the 
ratios  which  are  obtained  by  dividing  the  author's  values  in  Table 
II  of  the  paper  by  those  calculated  by  the  method  of  Dr.  Burrows. 


Section  of 

reference  a 

1 

2 

3 

4 

5                  6 

fit 
1 

1.12 

2 

l.OG 

3 

l.Ou 

1.025 

(middle  section) 

4 

1.05 

1.02 

5 

1.05 

1.02 

1.017 

(middle  section) 

6 

1.045 

1.02 

1.015 

7 

1.045 

1.02 

1.015 

1.012 

(middle  section) 

8 

1.045 

1.02 

1  015 

1.012 

9 

1.045 

1.02 

1.015 

1.012 

1.011          (middle 

section) 

10 

l.(M5 

1.019 

1.015 

1.011 

1  Oil 

11 

1.044 

1.017 

1.013 

1.011 

1.011          1.01 

(middle  section) 
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Anyone  wishing  to  work  closer  than  one  or  two  per  cent  shotdd, 
therefore,  calculate  the  values  by  Dr.  Burrows's  method.  Those 
engaged  in  practical  design  can  use  the  data  directly  irota  the 
curves  in  Figs.  15  to  24,  because  it  is  impossible,  with  the  pres- 
ent known  methods,  to  predetermine  the  pull  between  a  sole- 
noid and  plunger  at  all  pJoints  in  its  travel,  with  a  greater  accuracy 
than  several  per  cent.  The  values  for  the  end  sections  are  of 
little  importance  because  a  long-range  solenoid  usually  consists 
of  more  than  two  sections. 

As  to  the  demagnetizing  action  of  a  solenoid  on  its  plunger, 
this  is  briefly  touched  upon  at  the  bottom  of  page  480  and  again 
on  page  501  of  the  paper.  For  all  practical  purposes,  the  core  or 
plunger  can  be  assumed  to  be  very  long,  and  the  demagnetizing 
action  ignored  for  ordinary  flux  densities.  The  demagnetizing 
effect  is  only  noticeable  when  uneconomical  magnetizing  forces 
are  used.  Fig.  25,  page  496,  shows  this.  The  plunger  was 
thoroughly  saturated  with  10,000  ampere-tums,  and  at  this 
value  the  demagnetizing  effect  is  scarcely  noticeable.  Even 
with  20,000  ampere-ttutis  it  is  not  serious.  As  the  magnetizing 
force  is  increased,  the  plxmger  is  saturated  for  greater  portions 
of  its  length,  so  that  when  abnormal  magnetizing  forces  are  used 
the  effect  is  noticeable. 

The  author's  reference  to  the  important  law  of  Mr.  Carichoff , 
which  is  based  on  the  assumption  of  no  leakage,  was  given  to 
emphasize  the  importance  of  magnetic  leakage  in  all  electro- 
magnets of  the  pltmger  type,  since  the  leakage  increases  the 
flux  in  the  pltmger  and,  consequently,  the  pull.  In  electro- 
magnets of  the  horseshoe  type  and  modifications  of  the  same,  the 
ptdl  due  to  magnetic  leakage  is  lost  because  the  relative  positions 
of  the  coils  and  cores  are  unfavorable,  and,  furthermore,  they  are 
usually  fastened  together. 

The  characteristics  of  alternating-current  electromagnets  are 
easily  explained  when  magnetic  leakage  is  considered.  Many 
otherwise  excellent  papers  and  articles  have  been  written  upon 
the  subject  of  electromagnets,  but,  in  nearly  all  cases,  no  leakage 
is  assumed:  consequently,  their  value  is  lessened. 

The  characteristics  are  best  predetermined  from  the  standpoint 
of  energy,  but,  imtil  the  permeances  of  the  leakage  paths  for  differ- 
ent positions  of  the  plunger  are  thoroughly  worked  out,  only  the 
average  mechanical  force  or  pull  can  be  calculated,  and  this  is  of 
little  use  to  designers  of  electromagnets,  excepting  in  the  design 
of  electromagnetic  hammers  and  the  lik^;  it  does  not  throw  light 
on  the  mechanical  forces  or  pulls  at  all  points  throughout  the 
entire  range  of  travel  of  the  plunger,  and  the  latter  is  usually 
a  very  important  consideration. 


Presented  at  the  294</r  meting  of  th« 
Amtrican  InstituU  of  Eledrical  Engineers , 
Washington,  D.C.,  April  24.  1914.  under  the 
auspices  of  the  Electrophysics  Committee. 
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SOME  INVESTIGATIONS  ON  LIGHTNING  PROTECTION 

FOR  BUILDINGS 


BY  L.  A.  DB  BLOIS 


Abstract  of  Paper 


A  description  is  given  of  investigations  conducted  for  a  large 
manufacturer  of  explosives  to  determine  upon  a  suitable  system 
of  lightning  protection  for  buildings  containing  explosives.  The 
work  is  divided  into  the  following  sections: 

(1)  An  analysis  by  oscillograph  of  the  secondary  currents  in- 
duced by  actual  lightning  discharges  in  vertical  earthed  con- 
ductors, the  results  seeming  to  indicate  that  such  currents  are 
non-oscillatory  and  aperiodic,  though  occurring  in  either  a 
negative  or  positive  direction.  An  attempt  is  made  to  explain 
the  phenomena  generally  attributed  to  nigh,  frequency  oscil- 
lations by  the  existence  of  unidirectional  waves  of  almost 
vertical   front. 

(2)  An  investigation  of  the  primary  effects  of  a  20-in.  spark  in 
air,  having  the  same  essential  characteristics  as  those  attributed 
to  lightning,  when  applied  to  a  model  protective  system  con- 
sisting of  isolated  vertical  conductors  surrounding  a  small 
building. 

(3)  An  investigation  of  the  secondary  effects  produced  under 
the  above  conditions,  which  are  considered  to  be  static  inductive 
rather  than  dynamic  inductive. 

A  brief  description  is  ^ven  of  a  general  protective  system 
recommended    for    explosives    buildings. 


IT  IS  the  purpose  of  this  paper  to  describe  the  results  of  a 
study  made  in  an  effort  to  develop  a  system  of  lightning 
protection  for  explosivas  manufacturing  buildings  and  magazines 
which  would  insure  at  least  some  measure  of  protection,  rather 
than  a  possible  increase  in  risk — as  unfortunately  seems  to  have 
been  the  case  with  some  so-called  *'  protective  systems."  Since 
such  systems  have  been  based  on  speculative  theory  as  to  the 
actual  character  of  lightning  or  on  the  behavior  of  model  build- 
ings when  subjected  to  spark  discharges  supposed  to  bear  close 
relationship  to  the  natural  phenomenon,  an  effort  was  made  to 
obtain,  if  possible,  some  further  and  more  dependable  informa- 
tion, that  would  furnish  not  only  a  better  understanding  of  the 
actual  conditions  to  be  met,  but  also  permit  more  reliable  re- 
duced-scale laboratory  experiments. 
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Investigation  of  Lightning  Discharges 

Secondary  currents  induced  in  vertical  earthed  conductors 
by  the  passage  of  nearby  lightning  discharges  to  earth  presented 
themselves  as  a  possible  clue  to  the  nature  of  the  current  in  the 
actual  discharges.  Two  103-ft.  (31.3-m.)  wireless  towers, 
situated  on  the  roof  of  a  123-ft.  (37.4-m.)  office  building,  were 
utilized.  The  yards,  170  ft.  (51.8  m.)  apart,  subtended  a  hori- 
zontal plane  area  of  5100  sq.  ft.  (469  sq.  m.)  represented  by  21 
horizontal  and  approximately  parallel  conductors.  This  large 
plane  area,  acting  as  condenser  against  the  upper  air,  was 
found  necessary  in  order  to  permit  the  reception  of  induced 
currents  of  sufficient  magnitude  for  analysis  by  the  instruments 
available.  The  conductors  were  divided  into  two  groups  of 
19  and  2,  to  serve  as  '*  collector-aerial  '*  and  *'  pilot  *'  respectively, 
each  set  being  cross-connected  at  the  ends  and  provided 
with  two  180-ft.  (54.8-m.)  leads  running  obliquely  downward 
to  the  laboratory  on  the  roof.  The  leads  were  provided 
with  horn  arresters  just  outside  the  building  and  were  connected 
on  the  inside  to  switches  operated  by  ropes.  This  arrangement 
of  aerials  gave  an  excellent  installation,  well  above  the  ground, 
with  an  unobstructed  view  of  the  country  in  all  directions; 
thereby  insuring  freedom  from  wave-absorption  by  grounded 
conductors  nearby.  A  ground  connection  was  secured  by  a 
heavy  cable  bolted  to  the  steel  framework  of  the  building. 
The  natural  wave  length  of  the  "  collector-aerial  '*  was  found 
to  lie  between  700  and  800  meters. 

The  instruments  used  consisted  of  a  wireless  receiving  equip- 
ment with  various  detectors,  an  indicating  "  ceraunoscope  *' 
(needle  detector  with  electric  alarm  decoherer),  an  adjustable 
spark-gap,  an  800- volt  multicellular  static  voltmeter,  and  a 
double-element  permanent-magnet  oscillograph,  modified  by  the 
addition  of  field  coil  and  motor  drive  for  the  revolving  mirror. 
The  wireless  equipment  was  used  on  the  collector-aerial  for  stonn 
prediction  as  described  later,  the  '^  ceraunoscope  "  and  static 
voltmeter  between  the  pilot-aerials  and  ground  to  indicate 
respectively  the  occurrence  of  heavy  discharges  and  the  varia- 
tion in  static  potential,  the  spark-gap  between  either  aerial  and 
ground  as  an  alternate  method  of  indicating  the  passage  of 
discharges,  and  the  oscillograph  between  the  collector-aerial 
and  ground  to  furnish  a  means  for  analyzing  the  induced  currents. 
The  low  resistance,  inductance  and  capacity  factors  of  the  latter 
instrument  rendered  it  satisfactory  for  this  purpose  when  the 
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usual  gold-leaf  fuses  were  replaced  by  solid  metal.  Its  periodic 
time  (5000-6000),  on  the  other  hand,  wotdd  have  been  too  low 
to  permit  the  measurement  of  high  frequencies,  had  they  been 
encountered. 

The  importance  of  storm  prediction  by  the  wireless  equipment 
was  emphasized  by  the  necessity  of  recording  all  the  com- 
paratively few  discharges  which  were  sufficiently  heavy  or  suffi- 
ciently close  to  induce  measurable  currents  in  the  aerials,  a 
condition  aggravated  by  the  transitory  nature  of  the  storms  and 
by  their  comparative  infrequency.  As  a  matter  of  fact,  of  four- 
teen electrical  storms  in  the  summer  of  1913,  only  six  were  of  a 
character  suitable  for  observations,  and  the  period  during  which 
such  work  could  be  performed  averaged  less  than  twenty  minutes. 
It  was  found  that  after  some  experience  with  the  sound  produced 
in  the  wireless  receivers  by  the  waves  propagated  by  lightning 
discharges,  the  presence  of  an  electrical  storm  could  be  pre- 
dicted from  8  to  10  hours  before  its  possible  advent,  and  hourly 
observations  on  their  intensity  would  generally  indicate  whether 
it  was  approaching  or  merely  passing  through  the  field  of  the  in- 
struments. Assuming  a  rate  of  storm-travel  of  25  to  40  miles 
(40.2  to  64.3  km.)  per  hour,  it  would  thus  seem  possible  to 
detect  the  presence  of  a  traveling  storm  between  200  and  400 
miles  (321  to  643  km.)  away. 

Until  the  storm  was  close  at  hand,  differences  of  potential  be- 
tween collector-aerial  and  the  ground  occurred  only  coincident 
with  distant  flashes  of  lightning,  but  were  often  sufficient  to  jump 
a  small  air-gap  or  administer  a  sharp  shock,  unless  the  wires  were 
grasped  firmly  in  the  hand  before  the  switch  was  closed.  As 
soon  as  the  edge  of  the  storm  clouds  was  nearly  overhead, 
however,  the  aerials  when  disconnected  from  ground  com- 
menced to  assume  strong  static  charges,  as  indicated  by  the 
static  voltmeter  or  spark-gap.  Such  charges  always  occurred 
with  electrical  storms,  though  less  prominently  where  inter- 
cloud  lightning  prevailed,  and  also  often  occurred  with  cumulus 
clouds  that  gave  no  other  indication  of  their  electrical  character. 
In  such  cases  the  aerials  acted  as  condensers  of  low  capacity 
charged  to  high  potential,  and  if  connected  to  ground  through 
the  oscillograph ,  discharged  at  the  natural  frequency  of  the  cir- 
cuit. As  this  was  approximately  400,000  per  second,  while 
the  natural  period  of  the  oscillograph  was  only  5000-6000,  such 
discharges  did  not  affect  the  elements,  though  the  addition  of 
series  inductance  rendered  them  clearly  visible  on  the  revolving 
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mirror.  If  the  spark-gap  was  substituted  for  the  oscillograph 
at  such. times,  sparks  of  discharge  passed  fairly  uniformly  for 
considerable  periods  until  a  lightning  stroke  took  place,  when 
they  succeeded  each  other  so  rapidly  as  to  resemble  momentarily 
a  single  arc  of  some  duration.  At  such  times  the  static  voltmeter 
on  the  "  pilot  "  aerial  departed  from  its  usual  slow  swinging 
variation  by  a  sudden  upward  swing,  sometimes  from  zero  and 
sometimes  preceded  by  a  gradual  rise.  This  was  generally 
followed  by  a  momentary  subsidence  to  zero. 

The  first  attempts  to  use  the  oscillograph  for  indicating  cur- 
rents induced  by  lightning  discharges  during  1912  were  not  en- 
couraging, no  indications  being  obtained,  mainly  on  account  of 
insufficient  capacity  in  the  aerials,  but  after  considerable  prac- 
tise with  the  instrtmient  on  high-frequency  discharges,  and 
various  modifications  in  the  aerials  and  apparatus,  visible  in- 
dications on  the  revolving  mirror  were  noted  during  the  first 
storm  of  1913.  These  were  obtained  only  during  the  passage 
of  heavy  discharges  comparatively  close  to  the  laboratory.  With 
especially  violent  discharges  the  static  voltmeter  on  the  '*  pilot  " 
aerial  often  arced  over,  as  well  as  the  oscillograph  switches, 
and  in  several  cases,  the  horn  arresters  outside  the  laboratory. 
The  handling  of  the  equipment  had  to  be  done  by  means  of  well- 
insulated  poles,  or  only  after  first  disconnecting  and  grounding 
the  aerials — in  fact  the  whole  work  of  observation  was  far  from 
pleasant,  especially  at  night,  the  noise  of  the  thunder  and 
rain  being  often  deafening  and  accompanied  by  numerous 
sparks  in  the  apparatus,  and  at  times  by  sharp  hissing  brush  dis- 
charges presumably  from  the  building  itself,  and  the  general 
discomfort  was  increased  by  the  possibility  of  interruption  to 
the  lighting  service  and  power  supply  from  induced  effects.  All 
these  conditions  naturally  contributed  to  the  difficulty  of  se- 
curing permanent  and  conclusive  records. 

As  the  collector-aerial  could  not  be  tuned  to  the  incoming  wave, 
and  responded  only  with  forced  oscillations,  great  difficulty 
was  encountered  in  obtaining  sufficient  induced  currents  for 
satisfactory  indications,  except  in  the  case  of  unusually  heavy 
discharges  nearby.  Otherwise,  the  photographic  records  were 
exceedingly  minute ,  and  were  moreover  obscured  by  a  heavy 
zero-line,  resulting  from  the  continuous  rotation  of  the  oscillo- 
graph film  at  high  speed  for  the  prolonged  period  necessary  to 
insure  the  reception  of  a  record — there  being  of  course  no  means 
of  foretelling  the  occurrence  of  a  heavy  discharge.     Consequently 
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visual  observations  on  the  revolving  mirror  were  found  to  be 

more  satisfactory,  though  of  course  producing  no  confirming 

records. 

In  August  1913  a  storm  of  unusual  duration  and  intensity 

occurred  and  for  a  time  appeared  to  be  central  over  the  locality. 

Three  photographic  records  in  particular  were  obtained,  which 

are  reproduced  in  Fig.  1  as 
largely  typical  of  the  lesser 
records  obtained  previously. 
Referring  to  Fig.  1,  curve(l) 
is  a  typical  example  of  a 
single  steep-front  discharge 
from  clouds  to  earth.  The 
rate  of  initial  rise  of  current  is 
too  rapid  to  be  figured  with 
any  accuracy  from  the  record. 
The  maximum  value  of  the 
induced  current  as  recorded 
on  the  film  was  0.5  ampere 
(actually  probably  exceeding 
this  amount),  and  the  peak 
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Fig.  1 — Lightning  Oscillograms 
Storm  of  August  23,  1913 


proper  endured  0.0008  sec.  The  latter  part  of  the  decay  of  the 
current  endured  0.02  sec,  giving  indications  of  minor  sustained 
oscillations  above  the  zero-line,  occurring  with  a  periodicity  of 
about  15,000  per  sec.  This  effect  is  unmistakable  and,  though 
not  previously  photographed,  had  been  noted  in  a  few  of  the 
discharges  observed  on  the  revolving  mirror. 

Curve  (2)  is  a  typical  steep-front  wave  with  five  main  and 
three  suj^plementary  peaks,  of  which  the  values  are  approxi- 
mately as  follows: 


1st  Peak 
2nd  Peak 
3rd  Peak 
4th  Peak 
5th  Peak 


Maxima. 
Amperes 

Duration. 
Seconds 

Resultant 
Minima. 
Amperes 

0.474 
0.387 
0.305 
0.266 
0.152 

Total 

0.0005 
0.0015 
0.0016 
0.0014 
0.0012 

0.225 
0.114 
0.069 
0.010 
0.000 

0.0062 

These  peaks  are  followed  by  a  gradual  rise  to  0.042  amperes 
with  indistinct  indications  of  sustained  oscillations  of  a  higher 
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periodicity  than  in  (1)  for  0.01  sec,  gradually  dying  away  to  zero. 
The  total  duration  of  discharge  was  0.0184  sec. 

Ciuve  (3)  is  a  wave  of  totally  different  character.  The  direc- 
tion of  flow  is  from  the  earth  upwards,  but  with  a  gradual  rise 
with  indications  of  oscillations  to  a  maximum  of  0.18  amperes, 
which  is  reached  in  0.0046  sec.  The  current  then  starts  to 
decay  but  in  0.0023  sec.  is  interrupted  by  a  sudden  peak  of 
0.121  amperes,  and  again  in  0.0025  vsec.  by  another  peak  of  0.069 
amperes.     The  total  duration  is  0.0129  sec. 

A  summary  of  all  other  photographic  records  is  as  follows: 

Total  number  of  separate  discharges  recorded  photographically .  50 

■  ■         ■         ■  ■  with  single  peaks 38 

■  ■         ■         ■  •  •     multiple  • 12 

■  "         ■         ■  ■  ■     steep  wave-front 29 

•     sloping     •         • 21 

Total  number  of  strokes  positive  (from  clouds  to  earth) 43 

■  «         «         «     negative  (from  earth  to  clouds) 7 

Average     duration  of  38  single  peaks 0. 00065  sec. 

Minimum         *  *  single  peak 0.  (X)02       * 

Maximum        ■  -        «       «     0.0016       • 

Maximum  duration  of  multiple  discharge 0.0034       * 

Maximum  number  of  peaks  in  one  discharge 6       * 

In  this  tabulation  the  three  heavy  discharges  (1),  (2)  and  (3) 
already  discussed  in  detail  are  not  included,  as  their  measurements 
were  not  altogether  comparable  ^\4th  the  lesser  indications  ob- 
tained during  the  previous  storms.  For  instance,  the  single- 
peaked  steep-front  wave  (1)  showed  a  total  duration  of  0.0208 
sec,  but  of  this  the  peak  only  would  have  been  observed  in  the 
smaller  records.  This  peak  actually  endured  0.0008  sec, 
which  agrees  fairly  well  w^th  the  average  duration  of  0.00065  sec. 
found  for  the  38  single -peak  waves,  and  we  may  assume  that  each 
of  the  latter  may  have  had  its  own  prolonged  decay  similar  in 
general  respects  to  that  of  (1),  but  which  was  obscured  by  the 
broad  zero-line  of  the  oscillogram. 

In  no  records  was  there  any  indication  of  regular  i^eriodic 
high-frequency  oscillations  in  the  induced  current.  Had  they 
existed,  the  oscillograph,  of  which  the  periodic  time  was  5000  to 
6000,  would  have  failed  to  respond.  This  was  never  the  case 
with  heavy  discharges  to  earth  nearby,  though  it  did  happen, 
presumably  for  other  reasons,  with  many  purely  inter -cloud  dis- 
charges. Moreover,  the  static  voltmeter  could  hardly  have 
been  expected  to  respond  to  high-frequency  oscillations  as  it 
did  in  the  majority  of  cases  of  lightning  discharges  to  earth. 
On   the   other  hand,  it  is  probable  that  the  currents  induced 
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in  the  collector-aerial  followed  in  a  general  way  at  least  the 

variations  in  the  traveling  w^aves  of  the  lightning  discharges, 

since  such   variations,  judging  by   the  oscillograms,  involved 

di 
high  values  of  —  only  in  the  case  of  steep-front   waves,  and 

also  for  the  reason  that  the  damping  effect  of  the  aerial,  whose 
natural  period  of  vibration  was  about  400,000,  must  have  been 
very  small.  If  such  was  the  case,  do  not  the  records  obtained 
point  to  the  fact  that  lightning  discharges  are  essentially  uni- 
directional, non-oscillatory,  aperiodic  phenomena,  especially 
since  the  steep  wave-front  occurring  in  the  majority  of  such 
discharges  would  account  for  all  the  usual  effects  attributed  to 
high-frequency  oscillations? 

A  point  in  doubt  is  a  suitable  explanation  for  the  occurrence 
of  multiple  peaks,  as  in  2,  and  for  the  gradual  rise  of  current,  as 
in  3.  In  the  former  case,  the  time  intervals  between  maxima 
are  too  short  to  allow  the  peaks  to  be  construed  as  the  so-called 
"  related  discharges  ''  which  are  photographed  as  a  single  flash 
by  a  stationary  camera,  but  as  separate  discharges  along  the 
same  path  by  a  camera  slowly  rotated  in  the  horizontal  plane, 
notably  in  the  work  of  Dr.  B.  Walter.  Since  the  current 
rarely  reached  zero  between  maxima,  these  peaks  may  represent 
simply  the  result  of  the  "  progressive  break-down  *'  of  the  atmos- 
phere so  clearly  defined  by  Dr.  C.  P.  Steinmetz,  that  is,  of  a  dis- 
charge from  point  to  point.  On  the  other  hand,  the  slow  rise 
of  current  as  in  (3),  may  correspond  to  the  A  discharge  of  Sir 
Oliver  Lodge,  brought  about  by  the  gradual  building-up  of  po- 
tential, possibly  accompanied  by  the  formation  of  brush  dis- 
charges from  buildings,  etc.,  brilliant  examples  of  which  were 
noted  in  the  storm  during  which  these  oscillograms  were  taken, 
or  by  the  formation  of  striae  gradually  lengthening  and  pre- 
paring the  discharge  path.  If  such  were  the  case,  conversely, 
the  B  or  ^^  overflow  discharges  *'  of  Lodge  might  correspond  to 
the  steep-front  wayes.  It  should  also  be  observed  that  the 
total  duration  of  discharges  as  figured  from  the  oscillograms 
seems  greater  than  usually  assumed  on  the  basis  of  high-fre- 
quency effects,  and  consequently  the  actual  discharge  current 
may  be  somewhat  less  than  generally  assumed  on  the  basis  of 
dynamic  effects. 

Whatever  may  be  the  true  explanation  of  such  points  as  these, 
it  seems  reasonable  to  assume  that  the  most  dangerous  discharges 
are  those  with  almost  instant  rise  to  maximum  value,  both 
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on  account  of  the  impact  of  the  stroke  and  the  possibility  of 
dangerous  secondary  effects. 

Investigation  of  Primary  Protection 

For  the  laboratory  work  a  loose-coupled  oscillation  trans- 
former was  used  i^^ith  Leyden  jars  and  rotary  spark-gap,  ener- 
gized by  a  three-kw.  60-cycle  magnetic  leakage  type  trans- 
former.    Interruptions    took    place    in    the    condenser    circuit 

527  times  per  sec,  and  a  42-in.  (1.07-m.)  spark  of  good  sub- 
stantial character  was  obtained  from  the  secondary  trans- 
former terminals,  though  for  practical  purposes  this  was  reduced 
to  20  in.  (0.5  m.)  during  the  greater  part  of  the  work.  Fig.  2 
shows  photographs  of  this  spark  taken  with  a  revolving  camera, 
indicating  the  occurrence  of  groups  of  sparks  for  each  half -wave 
of  the  60-cycle  supply,  while  Fig.  3  shows  an  oscillogram  of  the 
current  in  the  discharge.  This  consists  of  one  main  half-wave, 
either  positive  or  negative,  with  steep  front  and  with  an  average 
duration  of  0.00046  sec,  followed  by  one  or  two  suppressed 
half-waves.  This  agreement  with  the  oscillograms  of  light- 
ning discharges  in  the  matter  of  steep  wave-front  and  short 
duration  was  considered  sufficient  excuse  for  the  employment 
of  the  20-in.  (0.5-m.)  spark  in  the  work  to  follow.  It  might 
be  added  that  the  discharge  presumably  corresponded  to  Ix)dge*s 
B  type,  that  is,  was  produced  suddenly  and  not  by  a  gradual 

•  building-up  of  potential,  and  in  conformance  with  this  struck 
equidistant   ball   and   point   electrodes   impartially. 

Preliminary  work  with  this  spark,  directed  vertically  down- 
ward from  points  (called  *'  cloud-points  ")  pendent  from  a 
suspended  metal  *'  cloud  ",  to  a  metal  ground-plate  or  a  box 
of  dry  or  moistened  earth  on  which  was  placed  the  model  of 
a  small  building  constructed  of  pasteboard  with  metal  roof 
and  interior  metal  apparatus,  pipe  lines,  electric  lines,  etc.,  on 
a  scale  of  1  in.  to  20  ft.,  with  four  isolated  vertical  lightning 
rods  placed  a  short  distance  from  its  comers,  led  to  the  follow- 
ing general  conclusions,  some  of  which  are  of  course  self-evident : 

(a)  The  building  was  in  the  greatest  danger  when  the  discharge  took 
place  from  one  cloud-point  placed  directly  above  it. 

(b)  The  lower  this  cloud-point,  the  more  likely  the  building  was  to 
be  struck,  especially  if  the  lightning  rods  were  low  or  widely  separated. 

(c)  An  increase  from  one  to  four  cloud-points  merely  increased  the 
number  of  rods  likely  to  be  struck  simultaneously. 

(d)  The  closer  the  cloud-point  to  the  building,  the  greater  the  number 
of  rod§  which  were  likely  to  be  struck  simultaneously. 
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(e)  With  one  cloud-point,  the  farther  apart  the  rods,  the  fewer  were 
struck  simultaneously. 

(f)  With  outside  lightning  rods  of  a  proper  height  and  at  a  proper 
distance,  a  model  similar  to  the  one  tested  could  be  protected  with 
apparently  100  per  cent  efficiency. 

(g)  With  low  or  widely  separated  rods  the  introduction  of  a  metal 
roof,  not  grounded,  seemed  to  increase  slightly  the  probability  of  the 
building  being  struck,  and  at  the  same  time  seemed  to  increase  the 
probability  of  more  than  one  rod  being  struck  simultaneously. 

(h)  Grounding  the  roof,  if  the  protection  was  poor,  seemed  to  in- 
crease the  probability  of  its  being  struck,  but  if  the  protection  was  good 
such  grounding  seemed  to  have  little  or  no  efifect. 

(i)  The  introduction  of  an  intermediate  cloud  below  the  main  cloud 
seemed  to  render  one  rod  more  likely  to  be  struck  if  the  intermediate 
cloud  was  high,  but  when  low  this  efifect  was  more  or  less  neutralized. 
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Fig.  4 — Rod  Efficiency — Effect  of  Height  and  Spacing 


(j)  While  a  horizontal  plate  or  a  mesh  screen  across  the  tops  of  the 
rods  gave  perfect  protection,  a  girdle,  when  the  rods  were  too  widely 
placed  or  too  low,   was  not  entirely  effective. 

These  conclusions,  though  based  on  a  length  of  discharge 
equivalent  to  only  700  or  800  ft.  (213  or  243  m.), furnished  the 
necessary  information  for  the  arrangement  of  apparatus  in  the 
following  tests,  which  will  be  summarized  as  briefly  as  possible 
and  discussed  in  detail  later. 

Protective  Efficiency  of  Outside  Rods.  Four  small  vertical 
wire  rods  of  equal  length  were  set  up  symmetrically  on  a  metal 
ground-plate,  equidistant  from  a  central  rod  which  represented 
the  object  to  be  protected  and  was  adjusted  until  its  height 
was  just  sufficient  to  avoid  being  struck  by  any  of  the  discharges 
from   the  cloud-point   directly  above.     This  height  expressed 
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as  a  per  cent  of  the  height  of  the  outside  rods  was  termed  the 
"  protective  ratio  "  of  the  latter,  and  is  plotted  in  Fig.  4  for  a 
fixed  cloud-point  height  of  20  in.  (0.5  m.)  above  the  ground- 
plate  with  varying  rod-heights,  and  lateral  spacing  from  the 
central  rod,  and  in  Fig.  5  with  varying  cloud-point  height  for 
different  combinations  of  rod-height  and  lateral  spacing. 

Effect  of  Imperfect  Grounding  of  Rods,  The  four  outside 
rods  were  raised  so  as  to  leave  slight  air-gaps  between  them 
and  the  ground-plate.  This  was  tried  for  different  rod-heights 
and  air-gaps,  but  the  effect  on  the  protective  ratio  was  almost 
exactly  equivalent  to  that  produced  by  cutting  off  from  the 
tops  of  the  rods  an  amount  equal  to  the  length  of  the  air-gap. 

Effect  of  Conductivity  of  Rods.    A  long  series  of  tests  was 


10  12  14  16 

cloud-point;  height  above  rods,  inches 
Fig.  5 — Rod  Efficiency — Effect  of  Cloud-Height 


made  with  rods  of  different  materials,  of  different  diameters, 
and  with  rods  in  which  were  inserted  small  inductances.  The 
protective  ratios  of  good  conductors  such  as  wires  of  different 
metals  of  various  diameters  were  almost  identical ,  and  even  the 
insertion  of  inductance ,  with  and  without  iron  in  the  magnetic 
circuit,  did  not  seriously  affect  their  efficiency.  Poor  con- 
ductors, however,  such  as  green  and  dry  wood,  wood  moistened 
with  water,  acids,  etc.,  or  rendered  partially  conducting  by  a 
lead  pencil  mark  or  by  a  carbonized  streak  resulting  from  a 
previous  discharge,  though  frequently  struck,  failed  to  con- 
sistently protect  any  low  object  in  their  vicinity — even  the 
ground-plate  itself.  Also,  in  contradistinction  to  good  con- 
ductors, when  struck  they  arced  over  for  their  entire  length, 
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wood  being  splintered  and  eventually  ignited  after  the  moisture 
and  volatiles  had  been  driven  off  or  consumed. 

Discussion  of  Results.  The  function  of  a  lightning  rod  is 
presumably  two-fold : 

(1)  To  form  a  projection  from  the  surface  on  which  the  lower  charge 
resides,  extending  sufficiently  above  the  objects  to  be  protected,  and 
thus  present  to  the  clouds  a  salient  point  having  the  same  relative  poten- 
tial as  the  lower  surface. 

(2)  When  struck,  to  carry  off  the  current  of  discharge  without  poten- 
tial differences  in  its  length  sufficient  to  cause  the  discharge  to  split  off 
or  be  diverted  to  nearby  objects. 

As  regards  the  first  function,  it  is  evident  that  the  rods,  in 
order  to  maintain  the  same  potential  as  the  lower  surface,  must 
be  of  conducting  material  and  should  be  preferably  in  direct 
electrical  contact  with  that  surface.  Their  conductivity  and 
potential  relation  should  be  such  as  to  permit  their  following 
sudden,  in  fact,  precipitous  variations  in  the  potential  of  the 
lower  surface  and  therefore  should  not  involve  any  appreciable 
time-element,  as  might  be  the  case  if  high  inductance  or  capacity 
were  introduced.  Aside  from  this,  a  high  degree  of  conduc- 
tivity would  seem  unnecessary.  Poor  conductors,  on  the  other 
hand,  such  as  dry  wood,  green  wood,  or  wood  with  small  wetted 
perimeter,  though  they  might  be  struck  in  the  natural  course 
of  events  and  the  discharge  follow  along  their  surface  in  pref- 
erence to  a  path  of  higher  resistance  through  the  air,  would 
show  no  consistent  protective  ratio,  as  was  the  case  in  the  tests 
on  different  materials  and  as  seems  to  obtain  in  nature  for  t;rees. 

In  order  to  fulfil  the  second  function,  high  conductivity 
with  low  inductance  seems  imperative,  though,  where  isolated 
rods  could  be  used,  the  effect  of  lateral  spacing  should  be  con- 
sidered; thus  if  the  distance  from  rod  to  building  was  as  great 
as  the  height  of  the  rod,  it  would  seem  that  a  rod  of  the  mini- 
mum resistance  to  resist  fusing  could  be  used. 

As  regards  protective  ratio,  it  seems  probable  that  the  rods 
are  nothing  more  than  shunt-paths  for  the  building  and  its 
interior  equipment.  If  the  latter  is  in  direct  contact  with  the 
lower  surface  of  charge ,  the  rods  should  also  be  in  such  contact 
or  should  be  increased  in  height  somewhat  more  than  the 
equivalent  distance.  Theoretically  the  former  seems  prefer- 
able, as  one  would  be  led  to  believe  that  rods  not  in  direct  con- 
tact with  the  lower  surface,  though  of  good  conductivity,  might 
under  some  circumstances  lag  behind  the  changes  in  potential 
of  the  lower  surface  and  so  suffer  a  loss  in  efficiency,  though 
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this  was  not  borne  out  by  the  tests  on  the  effect  of  imperfect 
grounding.  On  the  other  hand,  it  is  uncertain  exactly  what 
the  lower  stuface  of  charge  is.  It  is  presumably  not  the  earth's 
stuf ace,  unless  wet;  it  may  be  the  surface  of  permanent  mois- 
ture, though  well-authenticated  cases  of  discharges  passing 
down  mines,  deep  wells,  etc.,  seem  to  point  to  the  existence  of 
even  lower  charges;  in  any  case  it  is  probably  of  good  con- 
ductivity, as  there  seems  to  be  no  evidence  of  "  inter-earth  " — 
corresponding  to  inter-cloud — discharges. 

The  etudes  for  protective  ratio  tend  towards  a  constant 
value  independent  of  cloud-height,  seeming  to  indicate  that 
only  the  lowest  part  of  the  path  of  discharge  is  affected  by  the 
rods.  The  geometrical  relation  between  the  length  of  the 
discharge  path  from  the  cloud-point  to  the  building  and  from 
the  cloud-point  to  the  rods  is  given  by  the  formula 

H,  =  ^  +  H, 

where       Hr  =  height  of  rod  in  feet. 

Hp  =  height  of  building  in  feet. 
d  =  lateral  distance  from  highest  point  of 

building  to  rods,  in  feet. 
a   =  angle  subtended  from  cloud-point    by 
rod  and  highest  point  of  building. 

This  obtains  only  for  small  values  of  (a)  but  was  found  to 
agree  with  the  experimental  results  by  the  addition  of  a  con- 
stant K  =  0.11,  making  the  formula 


H,  =  rf(^^4^)+//, 


It  seems  applicable  to  the  condition  of  four  rods  surround- 
ing a  building  where  (/  =  or  <  Hr-  It  should  be  noted  that 
it  involves  no  factor  for  cloud-height  other  than  in  the  angle 
(a)  and  therefore  indicates  that  the  results  of  laboratory  tests 
on  protective  ratio,  etc.,  might  be  applicable  to  natural  con- 
ditions if  the  scale  of  reduction  was  observed. 

Probability  of  Being  Struck.  To  test  the  efficacy  of  the  usual 
argument  that  lightning  rods  *'  attract  '^  lightning  and  so  in- 
crease indirectly  the  danger  to  the  building,  a  long  series  of  tests 
were  performed  directly  to  scale,  on  a  basis  of  a  minimum 
length  of  lightning  discharge  of  3000  ft.  (914  m.)  in  mountain- 
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ous  districts.  Very  small  models  of  the  building  selected 
(48  by  32  by  41  ft.  or  14.6  by  9.7  by  12.4  m.  actual)  were  placed 
centrally  on  a  cardboard  target  representing  a  circular  area 
of  600  ft.  (182.8  m.)  radius,  and  this  on  a  somewhat  larger 
ground-plate  with  cloud-point  directly  above.  The  "  prob- 
ability of  being  struck  '*  was  considered  to  be  the  nvunber  of 
discharges  that  fell  entirely  or  in  part  on  the  building,  lightning 
rods  or  within  the  area  subtended  by  the  latter,  and  was  ex- 
pressed as  a  percentage  of  the  total  strokes  falling  within  the 
600-ft.  (182.8-m.)  radius. 

Summarizing  the  results,  it  would  seem  that  the  erection 
of  a  building  of  non-metallic  construction  of  the  size  in  ques- 
tion, without  contents,  increased  the  danger  to  the  plane  area 
only  slightly  (4  per  cent) — until  the  building  was  wet,  when  the 
*'  probability  of  being  struck  "  was  increased  32  per  cent  (net). 
If  a  metallic  building  was  erected  instead,  the  "  probability 
of  being  struck  '*  was  increased  58  per  cent,  or  if  the  building 
was  grounded,  62  per  cent.  When  metal  apparatus  was  installed 
in  a  non-metallic  building  the  "  probability  of  being  struck  *' 
was  increased  12  per  cent  to  50  per  cent  depending  on  the  height 
of  the  apparatus,  and  if  the  apparatus  was  grounded  26  per  cent 
was  added  in  the  case  of  the  lower  equipment  but  apparently 
nothing  in  the  case  of  the  higher  equipment.  On  the  other 
hand,  the  addition  of  a  short  metal  ventilator  to  the  grounded 
apparatus  increased  the  **  probability  of  being  struck  "  30  per 
cent  more. 

When  a  metal  roof  was  added  to  a  non-metallic  building 
containing  metal  apparatus  the  "  probability  of  being  struck  '* 
increased  only  slightly,  whether  the  building  was  wet  or  dry, 
but  when  this  roof  was  grounded,  the  *' probability  of  being 
struck  "  was  increased  12  per  cent  to  56  per  cent,  depending 
(inversely)  on  the  height  of  the  grounded  metal  apparatus 
inside. 

With  a  non-metallic  building  with  non-grounded  metal 
apparatus  and  four  outside  lightning  rods  70  ft.  (21.3  m.)  high 
and  located  about  50  ft.  (15.2  m.)  from  the  comers  of  the  build- 
ing, the  **  probability  of  being  struck  '*  was  increased  38  per 
cent  to  54  per  cent,  depending  on  whether  the  building  was 
wet  or  dry.  With  a  grounded  metal  roof  installed,  the  "  prob- 
ability of  being  struck  "  was  increased  only  12  per  cent,  and 
if  the  metal  ventilator  were  installed  the  net  increase  in  ''prob- 
ability of  being  struck  *'  would  probably  have  been   even  less. 
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It  is  these  latter  conditions  that  are  of  particular  interest 
in  determining  how  much  the  danger  from  lightning  to  the  build- 
ing in  question,  which  was  of  non-metallic  construction,  was 
increased  by  the  erection  of  rods  and  apparently  in  this  case 
the  rods  **  attracted  "  about  10  per  cent  to  50  per  cent  more 
strokes.  On  the  other  hand,  if  the  building  had  had  a  metal 
roof,  if  it  were  equipped  with  metal  apparatus  reaching  nearly 
to  the  top,  or  if  its  exterior  were  wet  with  rain,  the  effect  of  the 
rods  would  be  to  add  very  little  to  the  **  probabiUty  of  being 
struck.  "  Moreover,  it  should  be  noted  that  these  tests  were 
made  not  only  under  the  conditions  of  an  isolated  building  on 
a  plane  area,  but  also  with  the  cloud-point  directly  above  the 
btiilding — a   combination   very   unlikely   to   occur   in   nature. 
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Fig.  ©• — Probability  of    Being    Struck — Effect    of 

placement. 


Cloud     Dis- 


The  effect  of  the  position  of  the  cloud-point  is  shown  in  Fig.  6, 
in  which  the  "  probability  of  being  struck  '*  is  plotted  against 
the  horizontal  distance  from  cloud-point  to  building::. 

Investigation  of  Secondary  Effects 

In  order  to  reproduce  secondary  effects  in  a  model  building 
on  a  scale  sufficiently  large  to  be  visible,  an  arbitrary  standard 
of  1  in.  (2.54  cm.)  to  2  ft.  (60.9  cm.)  was  adopted.  This  allowed 
the  use  of  a  model  of  sufficient  size  to  permit  the  construction 
of  interior  apparatus  with  reasonable  accuracy  of  detail ;  and, 
though  the  relative  length  of  cloud  discharge  was  diminished 
in  proportion,  it  was  felt  that  this,  while  increasing  the  intensity 
of  static  inductive  effects,  would  not  affect  dynamic  inductive 
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effects,  since  in  any  event  the  upper  part  of  a  vertical  discharge 
would  have  little  influence  because  of  the  narrow  angle  sub- 
tended by  it.  On  the  other  hand,  for  dynamic  inductive  effects 
it  was  desirable  to  have  the  current  of  discharge  as  great  as 

di 
possible  and  the  factor  —  as  high  as  that  of  lightning. 

The  model  building  was  constructed  of  wood  with  one  side 
open  and  was  completely  equipped  with  metal  apparatus,  in- 
cluding pipelines,  electric  lines,  etc.,  extending  for  some  dis- 
tance outside,  all  metallic  parts  being  separately  removable 
and  practicable  to  interconnect  and  ground.  It  was  placed 
directly  on  an  extensive  ground-plate  with  the  metal  **  cloud  '* 
above.  Secondary  discharges  were  noted  by  eye  or  by  the  use 
of  a  small  exploring  spark-gap. 

Static  Inductive  Effects.  Tests  were  made  without  direct 
discharge  other  than  brush  from  the  cloud.  Secondary  brush 
and  spark  discharges  were  noted  inside  the  building  and  the 
following  somewhat  obvious  general  conclusions  were  reached: 

(a)  All  conducting  surfaces  not  thoroughly  grounded,  when  exposed 
to  the  influence  of  a  charged  cloud  immediately  overhead,  acquire  a 
potential  against  ground  which  increases  with  the  height  of  the  con- 
ducting  surface   above   ground. 

(b)  A  difference  of  potential  will  exist  between  all  conducting  sur- 
faces not  bearing  the  same  average  spatial  relation  in  the  electrostatic 
field  to  ground  or  to  nearby  grounded  objects.  Such  average  spatial 
relation  is  determined  by  their  shape  and  size  as  well  as  distance  from 
ground  or  grounded  objects. 

(c)  Conducting  surfaces  in  a  vertical  plane  which  would  acquire 
practically  no  potential  from  their  position  in  the  electrostatic  field  may 
acquire  a  charge  from  the  influence  of  adjacent  objects. 

(d)  The  grounding  of  a  conducting  surface  generally  increases  the 
danger  of  sparks  from  adjacent  non-grounded  surfaces. 

(e)  Interconnecting  adjacent  conducting  surfaces  can  prevent  dif- 
ferences of  potential  between  them  but  may  increase  the  tendency  of 
the  lowest  surface  (relative  to  ground)  to  arc  to  ground. 

(f)  Discharges  tend  to  take  the  shortest  path,  and  large  surfaces  in 
the  horizontal  plane  should  be  interconnected  or  grounded  at  more 
than  one  point. 

(g)  A  grounded  roof  acts  as  shield  for  objects  beneath  it  and  even  when 
poorly  grounded  diminishes  the  potential  between  them,  but  potentials 
can  be  introduced  below  it  by  conductors  which  extend  inward  from  the 
outside,  provided  they  are  of  sufficient  capacity. 

(h)  Secondary  discharges  may  occur  from  the  sudden  charge  of  an 
overhead  cloud  or  from  its  discharge.  The  discharge  in  any  case  follows 
the  natural  frequency  of  the  circuit  and  consequently  may  become 
oscillatory,  though  this  condition  is  improbable  in  the  ordinary  interior 
apparatus,   excepting  only  electrical  equipment. 
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(i)  The  effect  of  adjacent  lightning  rods  is  to  diminish  the  intensity 
of  secondary  effects,  though  for  outside  rods  of  reasonable  height  and 
spacing,  the  "  secondary  static  protective  ratio  "  is  practically  incon- 
siderable. 

Dynamic  Inductive  Effects.  Tests  for  such  efTects  were  made 
both  with  the  discharge  from  the  secondary  of  the  oscillation 
transformer  and  with  the  primary  current  of  the  latter  carried 
down  a  vertical  rod  close  to  the  model  building.  In  the  latter 
case  the  current  was  calculated  to  be  approximately  equivalent 
to  a  lightning  discharge  of  over  100,000  amperes  maximum 
value  with  a  half-wave  duration  of  approximately  0.000005  sec. 
— B.  condition  far  more  severe  than  any  indicated  by  the  oscil- 
lograph storm-records.  In  no  case  could  dynamic  inductive 
sparks  be  obtained,  though  occasional  static  sparks  were  pro- 
duced in  unbalanced  partially  closed  loops.  This  failure  was 
attributed  to  the  comparatively  small  area  of  the  partially 
closed  loops  formed  by  the  various  equipment  and  by  the  fact 
that  neither  these  loops  nor  vertical  conductors  could  be  "tuned" 
to  the  magnetic  waves  and  consequently  responded  only  with 
forced  oscillations.  When  it  is  considered  that  with  a  high 
aerifi^l  of  large  capacity  such  as  described  in  the  first  part  of  this 
paper,  currents  of  only  a  fraction  of  an  ampere  were  obtained 
with  comparatively  nearby  discharges,  it  does  not  seem  un- 
reasonable that  the  dynamic  inductive  effects  in  a  small  model 
building  should  be  insignificant  as  compared  with  the  static 
inductive  effects. 

General   Recommendations    for    Protective    vSystems 

As  a  result  of  this  work,  the  general  recommendations  for 
the  protection  of  manufacturing  and  storage  buildings  where 
such  protection  is  justified  either  by  the  impracticability  of 
the  operators  always  leaving  the  building  during  a  storm,  or 
by  the  value  of  the  building  or  the  character  of  its  contents, 
consisted  in  a  series  of  vertical  isolated  rods  of  iron  ])ipc  placed 
outside  and  surrounding  the  buildings,  and  grounded  to  annular 
conductors  buried  in  the  earth  at  least  as  low  as  the  water  pipes, 
with  extensions  running  out  radially  at  the  corners;  metallic 
roof  projections  such  as  ventilators  to  be  eliminated  as  far  as 
possible;  metallic  roof  and  floor  coverings  to  be  grounded  at 
their  salient  angles;  overhead  pipe-lines  and  other  metal  con- 
ductors to  be  grounded  at  intervals  and  also  where  crossing  the 
annular  conductor;  lightning  arresters  for  outside  electric  lines 
and  also  for  the  lowest  points  of  the  building  wiring  (to  remove 
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Static  charges);  complete  interconnection  and  grounding  of  all 
metal  objects  in  the  interior. 

This  paper  has  been  prepared  for  the  purpose  of  stimulating 
discussion  and  further  investigation  along  similar  lines,  rather 
than  for  the  advancement  of  any  new  theories.  Others,  for 
example,  Sir  Oliver  Lodge  and  Prof.  Elihu  Thomson,  have 
already  pointed  out  that  lightning  discharges  may  be  non- 
oscillatory  and  yet  produce  all  the  effects  that  seem  to  have 
led  to  the  assumption  that  they  are  oscillatory  in  character. 
As  for  the  laboratory  investigations,  both  on  primary  and  in- 
duced effects,  it  is  recognized  that  these  could  have  resulted 
in  further  and  more  certain  conclusions  had  they  been  pursued 
with  the  aid  of  larger  apparatus — such  as  is  probably  readily 
available  to  others,  and  to  these  the  hope  is  expressed  that 
they  may  become  further  interested  in  the  investigation  both 
of  lightning  discharges  and  of  sparks  produced  artifically  in 
the  laboratory,  as  well  as  their  interrelation  with  its  bearing 
on  the  protection  of  buildings. 
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Discussion  on  "  Some  Investigations  on  Lightning  Pro- 
tection FOR  Buildings  "  (DeBlois),  Washington,  D.  C, 
April  24,  1914. 

E.  E.  F.  Creighton:  There  has  been  very  little  work  done  on 
the  direct  study  6f  cloud  lightning,  and  therefore  this  paper  may 
be  considered  as  a  turning  point.  There  is  no  committee  at  the 
present  time  of  the  American  Institute  of  Electrical  Engineers 
or  of  the  National  Electric  Light  Association  which  will  give  this 
subject  the  study  that  is  needed.  Perhaps  the  problem  is  im- 
■  portant  enough  to  receive  the  attention  of  the  Bureau  of  Stand- 
ards, and  it  would  be  an  excellent  one  for  that  bureau  to  take  up. 
It  requires  not  only  an  organization  of  trained  laboratory  men, 
but  also  men  who  can  develop  instruments  as  they  are  required 
by  the  cond  t  ons  that  become  apparent. 

One  very  important  po  nt  that  has  been  discussed  many 
times  is  the  natural  frequency 
of  the  lightning  stroke.  A 
great  many  of  the  great 
scientists  of  the  world  have 
discussed  it — ^I  think  Pro- 
fessor Thomson  has  given  a 
number  of  discussions  on  it, 
and  also  Dr.  Steinmetz,  and 
the  matter  is  still  held  in 
abeyance.  I  do  not  think 
that  the  work  done  with  the 
oscillograph  can  prove  either 
that  the  frequencies  are  high 
or  are  low,  because  the  oscillo- 
F  <^  1  graph  will  not  respond  to  these 

high  frequencies,  although  it 
will  respond  to  the  summation  of  them.  I  have  obtained  in- 
stances of  summation  in  the  laboratory  with  five  million  cycles 
per  second.  This  discharge  through  the  oscillograph  gives  a 
deflection.  Of  course,  what  was  produced  in  the  oscillograph 
was  the  summation  of  the  oscillations,  giving  the  resultant 
quantity  of  electricity  that  had  passed  through  the  bifilar 
vibrator.  Theoretically,  I  think  there  is  in  some  cases  a  high 
frequency,  and  practically,  types  of  lightning  arresters  which  are 
sensitive  to  high  frequencies  and  not  very  sensitive  to  impulses, 
respond  by  discharging,  showing  that  there  is  at  times  a  high 
frequency  in  the  lightning. 

Theoretical  analysis  of  the  cloud  conditions,  will,  perhaps, 
illustrate  what  part  of  the  discharge  can  oscillate  and  what  part 
o£  the  discharge  cannot.  Assuming  that  the  electricity  is  freed 
at  different  points  in  the  cloud,  as  shown  in  Fig.  1  herewith,  there 
will  be  a  brush  discharge  from  different  parts  of  the  cloud  toward 
one  centralized  point  A  that  is  failing,  and  as  it  approaches  that 
centralized  point  there  will  be  formed  vapors  of  sufficient  in- 
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tensity  to  be  called  spark  discharge.  Up  in  the  outermost  parts 
of  the  cloud  the  electricity  is  drawn  through  high  resistance,  and 
all  the  laboratory  experiments  show  that  this  resistance  is  above 
the  critical  value  which  will  allow  oscillations.  The  conditions 
of  high  resistance  exist  even  in  those  parts  where  the  blue  brush 
discharge  is  just  turned  to  a  definite  bright  spark  discharge.  But 
somewhere  just  above  the  point  A,  around  the  upper  part  of  the 
main  bolt  of  lightning,  the  resistance  becomes  very  low.  From 
this  region  down  to  earth  there  is  a  good  conductor  to  transmit 
current,  which  is  surroimded  by  magnetic  energy,  indicated  in 
the  sketch  by  rings  around  the  main  bolt.  There  is  also  a  high 
voltage  from  end  to  end  of  the  main  bolt  which  gives  electro- 
static energy.  These  three  conditions,  electromagnetic  energy, 
electrostatic  energy  and  low  resistance,  will  naturally  produce  an 
oscillation.  Therefore  I  think  there  is  an  oscillation  in  the 
main  part  of  the  discharge  path,  but  the  discharge  in  the  rest 
of  the  cloud  could  not  possibly  oscillate. 

George  R.  Olshausen:  I  congratulate  Mr.  DeBlois  on  being 
successful  in  getting  any  registrations  whatever  with  the  oscil- 
lograph in  the  short  period  of  time  of  twenty  minutes  in  which 
this  work  was  done.  You  must  remember  that  we  do  not  know 
when  the  lightning  is  coming,  where  it  is  coming,  and  when  you 
bear  in  mind  that  w^e  only  have  twenty  minutes  in  the  whole 
season  to  work  in,  I  think  it  is  very  remarkable  that  Mr.  DeBlois 
secured  any  results  at  all.  He  seems  to  think  that  these  registra- 
tions cannot  be  the  so-called  related  charges.  Professor  B. 
Walter,  of  Hamburg,  first  took  pictures  by  means  of  a  moving 
camera,  and  showed  that,  in  general,  the  lightning  stroke  consists 
of  a  great  number  of  parts,  showing  that  there  is  a  so-called  pre- 
discharge  which  breaks  down  the  air,  first  going  part  of  the  way, 
and  then  proceeding  a  little  further,  and  finally  a  complete  flash 
is  made.  This  first  flash  usually  heats  up  the  air  and  makes  it 
more  conducting  than  before.  After  the  first  discharge  there  is 
usually  a  period  of  rest,  and  then  there  may  be  a  gradual 
leaking  of  electricity  along  this  heated  part,  which  might  make 
a  continuous  current  for  quite  a  long  time,  and  then  there 
may  be  a  series  of  intervals  and  discharges,  and  finally  there  may 
be  a  closing  flash  something  like  the  residual  discharge  of  the 
condenser. 

As  to  the  period  of  the  discharge,  something  can  be  said  in 
both  directions,  that  is,  for  the  unidirectional  discharge  and  also 
for  the  associated  discharge.  The  experiments  made  by  Pockels 
in  determining  the  current  of  a  stroke  of  lightning,  by  means  of 
the  magnetizing  effect  on  prisms  obtained  from  the  mineral  base 
salt,  seemed  to  indicate  that  the  flash  is  unidirectional,  and  oc- 
casionally that  they  were  not  magnetized  at  all,  and  in  that  case 
we  may  have  been  dealing  with  an  oscillatory  flash.  Ende 
{Electrotechnische  Zeitschrift)  has  made  some  calculations  by 
means  of  the  Maxwell  equations  on  the  frequency  of  a  flash,  and 
he  comes  to  the  conclusion  that  its  probable  frequency  is  some- 
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thing  like  8000  oscillations  per  second.  However,  a  great  many 
assumptions  are  made  in  this  calculation.  One  assumption,  for  in- 
stance, is  in  regard  to  the  self-induction  of  such  a  fla^.  What  is 
the  self-induction  of  a  circuit  which  is  not  dosed?  Hertz  says 
there  is  no  sudi  thing  as  self-induction  of  a  straight  rod.  Our 
ideas  of  self-induction,  when  applied  to  closed  circuits,  are  not 
very  well  defined. 

A.  G.  Webster:  As  to  the  conclusions  in  the  paper,  I  agree 
with  what  has  been  said  by  the  two  preceding  speakers.  There 
is  no  doubt  that  Pig.  2  shows  an  oscillation  there,  but  it  has  not 
been  proved  that  there  are  any  high-frequency  oscillations. 
Whether  there  are  aay  such,  I  do  not  Imow,  and  I  do  not  suppose 
anybody  else  does,  although  Professor  Thomson,  in  talking  with 
me  recently,  admitted  that  he  did  not  believe  there  were  any  high- 
fiequency  oscillations. 

All  that  Dr.  Olshatisen  said  about  the  complication  of  the 
phenomenon  is  absolutely  true.  As  Dr.  Olshausen  has  said  of 
self-inductance,  I  believe  there  is  self-inductance  here.  But 
what  is  it?  It  is  much  worse  to  calculate  than  the  reluctance 
of  a  solenoid.  Everybody  knows  that,  who  has  examined,  ex- 
perimentally, sparks  in  revolving  mirrors.  I  have  examined 
them  for  a  good  many  years,  and  I  believe,  perhaps,  I  was  the 
first  to  show  the  oscillatory  character  of  sudi  discharges  in  a 
lecture  which  I  delivered  in  the  Lowell  Institute  at  Boston 
seventeen  years  ago.  There  is  always  at  the  start  of  the  dis- 
charge something  that  does  not  come  as  regularly  as  the  rest, 
that  is,  there  is  a  breaking  away  which  heats  the  air,  ionizes  it, 
and  after  that  come  the  regular  flashes — these  come  pretty 
regularly  after  that. 

In  this  connection  I  think  of  a  conmionplace  phenomenon 
which  Professor  Thomson  will  corroborate  or  disprove,  because 
there  is  no  one  who  makes  more  daily  observations  from  just 
looking  out  and  looking  arotmd  than  he  does.  I  believe  that 
it  is  very  common  for  bams  with  hay  in  them  to  be  struck  by 
lightning,  and  I  suppose  the  reason  is  that  there  is  somewhere  an 
upward  current  of  hot  air.  As  has  been  said,  these  lightning 
strokes  have  been  blown  about.  In  Fig.  2  of  the  paper,  in  the 
upper  part  of  the  photograph  you  see  the  discharge  is  not  straight 
and  in  the  lower  part  it  has  apparently  been  blowTi  about  very 
violently.  We  have  been  told  to  look  out  for  current  when  it 
strikes.  You  cannot  tell  when  a  lightning  stroke  is  coming,  and 
you  cannot  dodge  a  lightning  stroke.  There  are  places  where 
hot  currents  of  air  seem  to  make  good  paths  for  the  lightning. 
Whether  the  heat  resistance  is  above  or  below,  it  is  hard  to  teU. 
If  it  is  above,  it  will  not  be  oscillatory.  You  engineers  know 
what  the  resistance  of  a  long  arc  is,  and  I  am  pretty  sure  that 
when  the  arc  is  gone,  the  resistance  goes  down  very  much,  indeed. 

As  has  been  said,  the  whole  thing  is  a  good  deal  like  a  Hertzian 
oscillator,  only  the  cloud  is  spread  out  some  times  for  miles,  and 
m  watch  it  you  do  not  get  as  good  observation  as  in  revolving 
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machinery,  but  you  get  something.  What  Dr.  Olshausen  has 
said  is  true,  it  breaks  away  all  over,  and  whether  that  is  hard  to 
see  clearly  or  not,  I  do  not  know. 

As  I  saidj  this  photograph  shows  an  oscillation.  There  is  one 
thing  which  is  evident,  if  there  had  been  a  different  potential 
between  the  cloud  and  earth,  or  the  free  cloud,  there  would  not  be 
a  lightning  stroke.  There  must  be  a  condenser,  and  in  order 
to  have  a  stroke  it  might  empty  itself  out.  You  speak  of  the 
residual  discharge  in  a  Leyden  jar,  but  you  seldom  find  discharge 
going  up  the  other  way.  The  oscillograph  will  certainly  show 
a  current,  if  it  does  not  bum  out,  or  if  something  else  does  not 
happen  to  it. 

Elihu  Thomson:  The  results  Mr.  DeBlois  has  shown  are,  in  a 
large  measure,  explanatory  of  what  has  been  my  impression  for 
years,  in  fact,  as  long  as  I  can  remember  having  any  thought  or 
dealings  with  lightning  or  lightning  protection.  While  it  may 
be  true  that  within  the  path  of  the  discharge  there  may  be 
oscillatory  portions,  I  think  the  main  phenomenon  is  that  of 
a  continuous  current. 

I  arrived  at  that  conclusion  early  in  my  investigations  in  this 
wise:  I  have  been  in  telegraph  offices  when  lightning  struck  at 
some  place  nearby,  and  have  been  near  a  telephone  when  light- 
ning also  was  nearby,  and  I  found  that  the  relays  went  click,  click, 
click.  They  acted  as  if  they  had  received  a  direct  ctirrent — no 
high  frequency,  pure  and  simple,  would  have  induced  such  an 
effect  in  the  relays;  it  would  instead  have  jumped  the  relay  and 
sparked  across  the  terminals. 

So,  also,  everybody  knows  that  during  a  thunderstorm  a 
telephone  bell  is  frequently  rung — which  means  that  a  current 
went  through  the  numerous  turns  of  the  electromagnet.  That 
could  not  be  induced  by  high  frequency,  it  was  induced  by  a 
steep  wave  front  and  not  obliterated  by  the  reversal  of  the  phase 
of  the  wave,  as  would  be  the  case  with  high-frequency  effect. 

I  quite  agree  with  Mr.  Creighton  in  the  assumption  that  there 
may  be  in  the  length  of  a  long  discharge  to  earth  some  parts 
where  there  is  oscillation,  but  if  I  were  to  picture  the  effect,  as  it 
occurs  to  me,  it  would  be  about  as  follows: 

I  will  first  make  the  statement  that  I  do  not  think  it  is  quite  the 
thing  to  consider  a  cloud  as  a  charged  conductor.  That  state- 
ment I  have  made  many  times.  It  is  aot  a  conductor.  It  is  a  very 
poor  conductor — ^it  is  a  mass  of  fog.  You  cannot  locate  charges 
on  it  as  you  can  on  a  tinfoil  condenser.  The  cloud  has  plus  or 
minus  charges  all  through.  They  tend,  naturally,  to  approach 
the  earth,  which  has  the  opposite  charge. 

Somewhere  in  this  system,  perhaps  where  the  cloud  dips  down 
a  little,  over  an  object  on  the  earth's  surface  a  little  higher  than 
the  rest,  there  is  a  beginning  of  the  breakdown.  No  doubt  it 
begins  as  accumulation  of  a  free  charge  and  rapidly  develops  into 
a  discharge.  It  discharges  the  lower  part  of  the  cloud,  and  as 
that  begins  to  discharge,  the  rest  of  the  cloud  starts  to  feed  into 
it,  the  cloud  path  ramifying  like  tree  branches  in  all  directions. 
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Many  photographs,  even  the  photographs  sho^Ti  on  the  screen 
a  short  time  ago,  show  two  other  discharges  in  the  same  field, 
fine  discharges,  leading  down  this  way  and  that;  what  are  they? 
They  are  the  perspective  projection  of  the  more  or  less  horizontal 
discharges  miles  away  in  the  cloud  and  feeding  the  main  discharge. 

I  have  one  particular  picture,  which  I  ^ii-ish  I  had  brought 
along  with  me,  which  shows  a  tremendous  discharge  in  the  middle 
distance,  and  then  down  to  the  far  horizon  of  the  picture,  from 
this  main  discharge  point,  there  are  branching  discharges  which 
apparently  lead  away  in  all  directions.  It  is  like  a  great  tree, 
the  branches  feeding  into  one  massive  spark.  Now,  if  that 
feeding  distance  is  five  or  even  ten  miles,  as  it  may  easily  be,  then, 
the  limit  of  rate  of  breakdown  being  the  velocity  of  light,  high 
frequency  is  forbidden.  I  mean  by  this  that  if  the  energy-  is  to 
oscUlate  through  the  whole  length  of  such  a  long  path  of  discharge 
it  cannot  do  so  at  a  high  frequency,  for  during  a  quarter  wave  it 
will  need  to  travel  say  five  miles.  The  highest  possible  speed 
is  light  velocity,  and  even  at  that  speed  the  period  is  not 
above  9000  per  second. 

On  one  occasion  I  heard  a  thimder  clap  which  had  a  true  musical 
sound,  like  the  sound  of  a  bell.  I  was  convinced  in  that  case 
that  it  must  have  been  a  discharge  of  relatively  low  frequency, 
I  should  say  not  more  than  three  himdred  or  four  himdred 
vibrations  per  second. 

I  have  been  asked  to  state  why  it  is  that  bams  are  struck  by 
lightning  so  often,  especially  when  they  have  moist  hay,  etc., 
in  them.  They  are  struck  pretty  often  when  they  have  no  hay 
in  them,  and  I  do  not  know  that  the  moist  hay  has  much  to  do 
with  it.  If  they  are  struck  by  lightning  while  the  hay  is  in  them, 
they  may  be  burned;  if  they  are  struck  by  lightning  when  there 
is  no  hay  in  them,  they  may  not  be  burned.  Of  course,  the 
combustible  material  takes  fire  very  readily.  That  may  be  the 
difference.  But  let  us  ask — why  is  the  bam  struck  primarily? 
Because  it  has  one  of  the  best  grounds  that  can  exist.  The 
ammonia  salts,  the  drainage  from  the  cows  and  horses,  soaks 
into  the  earth,  and  that  forms  a  direct  connection  to  the  earth. 
That  is  why  the  bam  is  struck.  Why  is  a  bam  equipped  with 
lightning  rods,  which  take  the  charge  directly  to  the  groimd, 
struck  by  lightning  and  destroyed?  Because  no  conducting 
ground  outside  the  bam  can  be  compared  to  the  splendid  grotmd 
which  exists  inside  the  bam.  We  would  naturally  expect  the 
lightning  to  go  to  the  best  conductor,  the  best  ground  on  the 
premises.  I>et  me  emphasize  this.  It  will  take  the  best  ground 
on  the  premises,  and  that  is  within  the  bam.  The  moral  of  it  is 
that  lightning  rods  should  Ik?  anchored  where  the  best  ground  is 
oblainabUy  in  all  cases — something  which  is  quite  generally  for- 
gotten in  providing  lightning  protection. 

I  have  very  little  confidence  in  investigations  in  lightning  phe- 
nomena made  with  small  apparatus  like  the  ordinary  static 
machine.     In  the  first  place,  you  cannot  imitate  a  cloud,  no  mat- 
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ter  how  you  try,  you  cannot  get  any  representation  of  it,  by  any 
machine.  Among  others.  Sir  Oliver  Lodge  made  some  investiga- 
tions in  that  way.  He  used  a  copper  sheet  to  represent  a  cloud — 
mounted  below  it  little  rods  of  copper,  iron,  and  different  sub- 
stances, and  then  concluded,  because  he  got  the  snappiest  spark 
with  the  copper,  that  copper  was  the  worst  material  of  which  to 
make  a  lightning  rod,  and  that  iron  was  a  very  much  better 
material.  When  we  go  back  to  the  figures  I  gave  before,  and 
the  photographs  of  lightning  discharge  I  have  considered  which 
show  a  tremendous  stroke  of  lightning  falling  on  a  house — the 
house  is  about  20  feet  high — the  spark  runs  up  to  the  clouds,  and 
ramifies  in  it  miles  away,  we  ask — What  influence  can  a  rod  of 
copper  or  iron  have  on  the  character  of  that  discharge;  a  few  feet 
of  rod  on  a  few  miles  of  spark?  What  is  his  conclusion  worth, 
where  the  spark  is  miles  long,  and  the  lightning  conductor  is 
an  almost  infinitesimal  part  of  the  path? 

In  regard  to  the  residiial  discharge  of  the  Leyden  jar,  we  have 
taken  that  to  mean  that  a  part  of  the  charge  soaked  into  the 
glass,  and  that  when  we  discharged  the  jar  there  was  need  of 
time  for  the  glass  to  deliver  the  soaked  charge  to  the  coat  of 
tinfoil.  This  leaves  a  slight  charge  which  can  give  a  residual 
discharge.  It  depends  on  a  known  property  of  glass,  called 
soakage.  We  have  nothing  of  that  kind  in  the  case  of  lightning, 
necessarily. 

It  is  very  easy  to  understand,  it  seems  to  me,  why  with  light- 
ning we  should  observe  repeated  discharges  down  the  same  path. 
The  first  discharge  establishes  a  fairly  good  conductor  to  ground 
and  some  other  charged  portion  of  the  cloud,  more  distant,  now 
finds  it  easy,  as  it  were,  to  take  up  that  path  and  discharge ;  but 
this  will  not  be  instantaneous.  It  takes  some  time,  according 
to  the  velocity  of  light,  for  stresses  to  arrange  themselves  for  the 
second  discharge.  Thus  there  is  a  slight  interval  before  the 
charge  reaches  its  full  amount  and  takes  the  path  opened  by 
the  first  discharge. 

W.  J.  Htunphxeys:  There  is  one  point  I  want  to  call  attention 
to.  I  will  not  go  into  a  discussion  of  the  entire  paper,  though  it 
is  very  interesting  to  me.  This  subject  has  interested  me  very 
much  in  the  last  three  months.  The  point  I  have  in  mind  covers 
one  thing  which  has  not  been  mentioned,  as  a  possible  evidence 
against  the  oscillating  nature  of  the  discharge.  We  will  often 
find  in  a  discharge  of  some  kind  or  other,  going  down, 
where  there  are  short  breaks,  secondary  discharges  going 
off  from  it  in  branches,  just  as  we  have  in  the  case  of  the  ordinary 
discharge  between  the  terminals  of  an  ordinary  alternating-cur- 
rent machine.  But  when  we  examine  these  with  a  rotating  camera 
we  never  find  that  they  come  back  in  that  way,  they  are  always 
going  off  in  the  same  direction,  whatever  direction  it  may  happen 
to  be.  You  do  not  find  succeeding  discharges  going  in  the  opposite 
direction,  which  we  might  possibly  expect — that  we  would  have  a 
discharge  going  first  in  one  direction  and  then  in  the  opposite 
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direction.  In  the  case  of  the  succeeding  discharges,  we  will 
find  in  some  few  cases — ^in  exceedingly  few  cases,  but  in  some 
cases — that  there  will  be  a  feeble  discharge  passing  off  in  the  same 
direction.  Sometimes  it  may  be  that  there  go  out  directly  a 
dozen  branches  in  all.  This  shows,  since  the  branching  may  occur 
a  second  and  third  time,  that  if  you  had  them  oscillating  you 
could  probably  get  them  going  that  way,  as  well  as  this  way,  but 
you  do  not  find  that. 

In  the  case  of  the  lantern  slides  shown  a  short  while  ago,  there 
is  one  particular  point  in  regard  to  them  that  Dr.  Olshausen 
tmderstands  possibly  better  than  I  do,  but  I  have  had  occasion 
to  study  exactly  the  same  phenomena.  I  feel  convinced,  with 
these  two  discharges  that  come  down,  one  apparently  being 
instantaneous  and  done  with,  and  the  other  one  that  repeats 
itself,  that  the  two  start  out  in  identically  the  same  manner,  and 
in  the  subsequent  case  the  main  branches  break  off  and  divide, 

George  R.  Olshausen:  I  would  like  to  say  that  these  two 
discharges  are  entirely  separate  and  the  time  between  is  0.129 
of  a  second.  They  have  been  calculated.  They  are  not  con- 
nected, they  do  not  run  down  the  same  path.  The  time  is  cal- 
culated by  taking  a  photograph  with  the  stationary  camera,  and 
at  the  same  time  with  the  moving  camera,  and  it  is  easy  enough 
to  calculate  the  time  between  the  two  flashes. 

Professor  Walter,  of  Hamburg,  has  photographed  sparks  hav- 
ing a  frequency  of  300,000  per  second.  The  trouble  with  our 
lightning  photography  is  that  we  have  a  flash  which  has  a  dura- 
tion of  a  very  short  period  of  time,  combined  vnth  high  frequency, 
and  in  trying  to  photograph  that  we  must  be  sure  that  the  first 
registration  is  not  wiped  out  by  the  successive  flashes  which  may 
take  place.  We  therefore  must  make  our  registration  on  a 
spiral,  or  something  of  that  kind,  so  that  when  we  think  we  have 
any  evidence  of  oscillations  they  may  not  be  wiped  out  by  the 
succeeding  flashes. 

Trygve  D.  Yensen:  A  few  years  ago  I  became  interested  in 
an  investigation  conducted  by  Professor  E.  J.  Berg  of  the  Uni- 
versity of  Illinois  to  determine  the  character  of  lightning  dis- 
charges. During  this  investigation  a  few  preliminary  experi- 
ments were  conducted  in  the  laboratory  by  discharging  sparks 
from  a  static  machine  and  Ley  den  jars  through  a  circuit  con- 
taining a  resistance,  an  inductance  and  a  condenser  in  series, 
each  one  being  shunted  by  a  spark  gap.  The  spark  gaps  were 
adjusted,  imtil  the  distances  were  foimd  that  corresponded  to  the 
voltages  across  the  resistance,  inductance  and  condenser  respec- 
tively. The  experiments  showed  that  the  voltage  across  the 
inductance  was  practically  zero,  while  that  across  the  con- 
denser was  beyond  the  limit  of  the  apparatus.  This  result, 
after  making  numerical  calculations,  pointed  towards  a  unidirec- 
tional discharge.  Although  these  experiments  were  not  conducted 
with  refined  apparatus,  they  confirm  the  results  obtained  bv  Mr. 
DeBlois. 
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The  main  part  of  the  investigation  was  carried  out  with  appara- 
tus similar  to  the  ones  described  above,  but  placed  upon  six 
separate  poles,  40  ft.  high,  distributed  100  ft.  apart  in  an  open 
field.  The  recording  apparatus  were  connected  in  series  with 
lightning  rods,  thoroughly  grounded  and  extending  above  the 
tops  of  the  poles.  This  outfit  has  now  been  in  the  field  for  four 
years,  and  although  lightning  storms  have  been  quite  frequent, 
the  only  record  obtained  has  been  of  minute  discharges  across 
the  condensers.  Not  a  single  direct  discharge  to  the  rods  has 
taken  place.  At  one  time  a  bam  2000  ft.  away  was  struck  by 
lightning  and  burned  down,  but  even  then  the  record  obtained 
was  only  a  small  discharge  across  the  condenser.  Similar  re- 
sults were  obtained  from  an  outfit  erected  near  my  residence. 
Here  the  lightning  rod  was  placed  in  a  tall  tree,  extending  80  ft. 
above  ground. 

Although  our  experiences  have  been  mostly  negative,  they  may 
be  of  some  value  when  considered  in  connection  with  the  im- 
portant results  obtained  by  Mr.  DeBlois. 

L.  A.  De  Blois  (by  letter):  In  preparing  this  paper  the 
writer  made  no  assertion  that  the  current  in  all  lightning  dis- 
charges was  unidirectional,  but  pointed  merely  to  the  fact  that 
the  comparatively  few  records  obtained  on  the  oscillograph 
seem  to  indicate  that  the  currents  in  the  particular  discharges 
that  occurred  at  that  time  were  in  the  main  unidirectional. 

Mr.  Creighton  casts  some  doubt  on  the  action  of  the  oscil- 
lograph under  high  frequencies.  It  so  happens  that  some  special 
investirations  were  made  by  myself  along  these  particular 
lines.  I  found  that  the  oscillograph  would  respond  ballistically 
to  a  Leyden  jar  discharge  estimated  at  3,000,000  cycles  when 
passed  across  a  spark  gap  into  the  instrument.  On  further 
investigation,  however,  it  was  perceived  that  the  estimate  of 
the  frequency  was  entirely  wrong  on  account  of  failure  to  take 
into  consideration  the  resistance  of  the  spark  gap  itself.  When 
the  length  of  this  was  reduced  so  that  its  resistance  became 
inconsiderable  and  the  discharge  current  actually  approached 
the  estimated  frequency  of  3,000,000,  the  oscillograph  ceased 
to  respond,  except  by  having  its  elements  burned  out  without 
deflection.  When  tested  at  somewhat  lower  frequencies  its 
working  limit,  so  far  as  response  to  the  oscillations  was  con- 
cerned, lay  somewhere  above  80,000,  at  which  point  it  became 
impossible  to  obtain  a  record  on  the  photographic  film — the 
limit  being  fixed  by  the  sensitiveness  of  the  latter  to  a  rapidly 
moving  spot  of  light  of  the  intensity  available.  Since  the 
summation  of  a  high-frequency  oscillating  wave  should  be 
nearly  zero,  I  cannot  see  why  we  should  expect  the  oscillograph 
to  act  otherwise. 

Professor  Thomson  has  cited  a  number  of  very  interesting 
points  that  have  led  him  towards  the  unidirectional  theory  of 
discharge,  and  to  these  I  can  add  one  which  seems  to  somewhat 
oppose  Mr.  Creighton's  suggestion  that  oscillations  could  occur 
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more  readily  in  the  part  of  the  discharge  from  clouds  to  earth, 
than  in  the  ramified  discharges  among  the  douck.  If  a  high- 
resistance  telephone  receiver  is  connected  directly  between  a 
wireless  aerial  and  the  earth,  without  other  inductance  or 
capacity,  it  will  be  found  that  discharges  between  the  clouds 
produce  a  rough  crackling  sound,  while  a  discharge  from  clouds 
to  earth  produces  a  sharp  clicking  or  series  of  clicks  at  intervals 
suggestive  of  the  "  related"  discharges  of  Professor  B.  Walter, 
and  which  correspond,  so  far  as  can  be  distinguished  by  eye,  to 
the  pulsations  in  the  discharge  itself.  Actually  all  these  latter 
discharges,  that  is,  the  sharp  clicks,  are  preceded  by  more  or 
less  prolonged  noises  of  the  former  variety,  which,  I  imagine, 
indicate  the  breaking  down  of  the  air  in  the  body  of  clouds — 
in  fact,  the  "progressive  br^dcdown"  described  by  Dr.  Stein- 
metz.  For  the  same  reason  I  ascribe  the  sharp  clicks  to  the 
disruption  of  the  atmosphere  between  earth  and  clouds,  the 
sounds  of  which  certainly  do  not  suggest  the  existence  of  high 
or  even  moderate  frequencies. 

I  think  almost  all  of  us  have  become  so  attached  to  the 
high-frequency  theory  of  lightning  discharges  that  it  is  very 
difficult  to  conceive  of  anything  else  occurring.  Perhaps,  also, 
some  of  the  discharges  in  the  laboratory  which  we  have  hereto- 
fore considered  high  frequency  are  after  all  only  unidirectional 
discharges  of  exceedingly  steep  wave-front.  After  all,  there  is 
very  little  difference  l^tween  the  two,  since  the  rapid  rise  of 
current  from  zero  to  maximum  in  the  latter  type  of  discharge 
is  practically  equivalent  to  the  first  quarter  period  of  an  oscillation, 
if  its  frequency  is  sufficiently  high.  Over  and  beyond  this,  the 
effects  produced  by  the  two  will  be  practically  identical  except 
where  resonance  conditions  are  involved. 
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SOME  SIMPLE  EXAMPLES  OF  TRANSMISSION  LINE 

SURGES 


BY    W.    S.    FRANKLIN 


Abstract  of  Paper 


The  paper  treats  of  the  true  wave  phenomena  which  take  place 
on  a  transmission  line  when  switches  are  opened  and  closed  or 
when  a  circuit  breaker  operates.  These  phenomena  are  practical- 
ly the  same  in  alternating-  and  direct-current  systems  for  trans- 
mission lines  up  to  say  150  or  200  mi.  (240  or  320  km.)  in  length, 
and  therefore  the  surges  which  are  described  in  the  paper  are  the 
surges  which  take  place  when  a  steady  voltage  is  connected  to 
the  line  or  when  the  line  is  disconnected  with  a  steady  current 
flowing  in  it. 

The  details  of  line  surging  which  takes  place  under  such  con- 
ditions are  most  easily  described  in  terms  of  what  may  be  called 
the  "  ribbon  wave  ",  and  the  first  part  of  the  paper  is  devoted 
to  a  discussion  of  the  ribbon  wave.  Then  a  number  of  practical 
examples  are  described  in  detail. 


THE  LINE  surges  which  are  described  in  this  paper  are  so  rapid 
on  transmission  lines  of  moderate  length  that  all  the  details 
as  described  take  place  during  a  very  small  fraction  of  a  second 
and  any  change  of  60-cycle  voltage  or  current  is  negligible  during 
the  very  short  interval  of  time  involved.  Therefore  the  effects 
which  are  described  occur  in  substantially  the  same  way  in  direct- 
current  systems  and  in  alternating-current  systems. 

The  effects  of  line  resistance  and  leakage  on  a  line  surge  are 
extremely  complicated;  indeed,  these  effects  cannot  be  expressed 
in  finite  algebraic  terms.  Usually,  however,  line  resistance  and 
leakage  are  small,  and  therefore  a  line  surge  on  an  actual  trans- 
mission line  approximates  in  its  early  stages  the  character  it 
would  have  if  line  resistance  and  leakage  were  zero.  Line  resist- 
ance and  leakage  are  assumed  to  be  zero  throughout  the  follow- 
ing discussion. 

The  complete  solution  of  the  differential  equation  of  wave 
motion  on  a  transmission  line  is  involved  in  or  expressed  by  the 
simple  idea  of  travel^ ;  and  the  use  of  this  idea  is  exactly  equiva- 

1.  This  is  by  no  means  the  case  when  line  losses  are  taken  into  account. 
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lent  to  the  use  of  the  general  analytical  solution  of  the  differen- 
tial equation  of  wave  motion;  namely: 


y  ^f{x-vi)  +  F{x  +  vt) 


(1) 


To  solve  a  particular  problem,  the  two  unknown  functions 
/  and  F  must  be  determined  so  as  to  satisfy  the  given  conditions 
which  exist  over  the  line  at  the  beginning  (/  =  0),  and  so  as  to 
satisfy  the  conditions  which  are  continuously  impressed  on  the 


^ 


tranuminloH  line 


Fig.  1 


line  at  its  ends.  In  this  connection  it  must  be  remembered  that 
either  of  the  functions  f  or  F  may  be  zero  or  a  constant,  and  it 
must  also  be  remembered  that  any  ntmiber  of  separate  solutions 
of  the  differential  equation  of  wave  motion  can  be  superposed 
upon  each  other  to  get  a  desired  solution.  Thus  the  heavy  dotted 
line  AB  in  Fig.  17  represents  a  constant  initial  distribution  of 
current  over  the  transmission  line;  and  when  the  end  of  the  line 
in  Fig.  17  is  opened,  a  long-drawn-out  wave  shoots  out  from  the 


Fig.  2 — Showing  Voltage  e  of  Fig.  1  as  a  Function  of  the  Time 


opened  end,  and  is  repeatedly  reflected  at  A  and  B.  The  super- 
position of  the  initial  current  and  any  number  of  successive  laps 
of  the  long-drawn-out  wave  gives  the  desired  solution  of  the 
differential  equation  of  wave  motion. 

An  interesting  example  is  to  consider  the  effect  produced  when 
a  variable  voltage  e  is  applied  to  one  end  of  an  indefinitely  long 
transmission  line  as  shown  in  Fig.  1.  The  curve  in  Fig.  2  ex- 
presses e  as  a  known  function  of  the  time,  and  the  wave  that 
shoots  out  from  e  in  Fig,  1  is  shown  by  the  curve  in  Fig.  3.     The 
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curve  in  Fig.  3  evidently  gives  the  correct  solution,  because  in 
the  first  place  the  idea  of  travel  satisfies  equation  (1),  that  is  to 
say,  the  idea  of  travel  satisfies  the  differential  equation  of  wave 
motion;  and  in  the  second  place  the  value  of  e  in  Fig.  3  is  equal 
to  the  value  of  e  in  Fig.  2  at  all  times,  that  is  to  say,  the  wave  in 


Fig.  3 — Showing  Shape  of  Wave  which  Shoots  Out  frok  e  in  Pig.  1 


Fig.  3  satisfies  the  condition  which  is  continuously  impressed 
upon  the  line  at  the  end  e  in  Fig.  1. 

A  clear  idea  of  the  essential  details  of  an  electromagnetic  wave 
on  a  transmission  line  may  be  obtained  with  the  help  of  Fig.  4. 
The  curve  W  Win  the  lower  part  of  the  figure  represents  the  shape 
of  the  wave,  that  is  to  say,  the  ordinate  y  represents  the  current 
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Fig.  4 — Showing  an  Electromagnetic  Wave  on  a  Transmission  Line 


in  the  wires  at  the  point  p  or  the  voltage  between  the  wires  at 
the  point  p,  and  of  course  the  curve  W  W  may  be  of  any  shape 
whatever.  The  dots  in  Fig.  4  represent  the  magnetic  lines  of 
force  which  are  perpendicular  to  the  plane  of  the  paper. 

1.  Relation  between  Current  and  Voltage  in  a  Pure  Wave.  The 
differential  equation  of  wave  motion  on  a  transmission  line 
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(when  line  losses  are  negligible)  involves  a  fixed  relation  between 
voltage  and  ctirrent  on  a  line  in  connection  with  a  traveling  wave. 
This  relation  is 


.^^1 


m 


where  /  is  the  inductance  of  the  line  per  mile,  and  c  is  the  capacity 

of  the  line  per  mile.     Hereafter  the  letter  a  will  be  used  for  V  ""  • 

By  proper  choice  of  algebraic  signs  the  relation  between  E  and 
/  becomes 


=  +a 


(3) 


wire 


«fire 


ribbon   wave  ^^ 

Fig.  6 — Showing  the  Ribbon  Wave  which  Shoots  Out  from  a  Battery 
WHICH  IS  Suddenly  Connected  to  the  End  of  the  Line 

The  voltage  between  the  line  wires  within  the  wave  is  everywhere  equal    to    battery 
voltage  E,  and  the  current  in  each  wire  within  the  wave  is  equal  to  E/a. 


for  a  wave  which  is  traveling  to  the  right,  and 


E 
I 


=  —  a 


(4) 


for  a  wave  which  is  traveling  to  the  left. 

2.  The  Ribbon  Wave.  Fig.  5  represents  an  indefinitely  long 
transmission  line  to  which  a  battery  has  been  suddenly  connected. 
Assuming  battery  resistance  to  be  negligible,  the  result  is  that 
battery  voltage  E  and  the  corresponding  current  /  (  =  E/a) 
is  established  in  the  line  by  a  long-drawn-out  wave  which  shoots 
out  from  the  battery.  This  is  a  simple  example  of  the  general 
case  which  is  shown  in  Figs.  2  and  3.  If  the  distance  d  in  Fig.  5 
is  18.6  mi.  (29.93  km.),  then  Fig.  5  represents  the  state  of  affairs 
0.0001  of  a  second  after  the  closing  of  the  switch.     The  long- 
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drawn-out  wave  in  Fig.  5  may  be  completely  representedjby  the 
heavy  arrow  at  the  bottom  of  the  figure,  if  it  be  remembered  that 
the  arrow  represents  the  existence  of  a  certain  voltage  E  and  the 
corresponding  current  /  at  each  point  along  the  line.  In  most 
of  what  follows  we  have  to  do  with  what  are  called  rectangular 
waves.  A  rectangular  wave  is  a  wave  in  which  the  voltage  has 
everywhere  the  same  value  E,  and  in  which  the  current  has 
everywhere  the  same  value  /. 

3.  Reflection  of  a  Rectangular  Wave  from  the  Open  End  of  a  Line. 
The  doubled  arrow  in  Fig.  6  represents  a  wave  which  has  been 
partly  reflected  at  the  open  end  of  a  transmission  line.  The 
voltage  and  current  in  the  original  wave  are  E  and  /,  and  the 
voltage  and  current  in  the  reflected  wave  are  Er  and  Irrespectively  • 
No  energy  can  be  delivered  to  the  end  of  the  line,  therefore  volt- 
age and  current  have  the  same  values  in  the  reflected  wave  as 
in  the  original  wave.  The  direction  of  progression  of  the  reflected 
wave  being  the  reverse  of  that  of  the  original  wave  requires  that 
wire either  voltage  or  ciurent  be  re- 
open end  versed,  but  not  both.  The  total 
wire                   of  une     ^^itage  at  the  end  of  the  Une 


>.vvv    E         I  E  +Er  can  have  any  value  what- 

J  ever,  but  the  total  current  I+Ir 

£:      /  must  be  zero.  Therefore  Ir=  —I 

r        T 

Fig.  6 — Showing  a  Wave  Partly   and£r  =  -E.  Reflection  takes  place 

Reflected  from  the   Opened   with  reversal  of  current  at  the  open 

End  of  a  Line  ^^^  ^j  ^  transmission  line. 

4.  Doubling  of  Voltage  by  Reflection.  When  reflection  takes 

place  with  reversal  of  current  and  without  reversal  of  voltage,  it 

is  evident  that  an  excessive  voltage  is  produced  in  the  region 

where  the  reflected  wave  and  the  original  wave  overlap.     Thus 

the  reflection  in  Fig.  6  is  with  reversal  of  current  so  that  Er  =^  E, 

and  therefore  the  voltage  is  2E  in  the  region  where  the  reflected 

wave  and  the  original  wave  overlap. 

A  wave  is  reflected  from  an  inductive  receiving  circuit  so  that 
Ef  =  Edit  the  beginning  of  the  reflection,  as  explained  in  connec- 
tion with  Fig.  9.  Therefore  a  doubled  voltage  is  produced  in 
this  case. 

This  rise  of  voltage  due  to  reflection  is  important.  Thus  a  wave 
may  enter  an  underground  cable  with  insufficient  voltage  to 
damage  the  cable,  but  if  the  other  end  of  the  cable  is  open,  or  if 
inductive  apparatus  is  connected  across  the  other  end  of  the 
cable,  then  a  doubled  voltage  will  be  produced  when  the  wave 
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is  reflected  from  the  other  end  of  the  cable.  If  such  a  cable  must 
not  be  subjected  to  more  than  2000  volts,  a  spark-gap  arrester 
breaking  down  at  1000  volts  must  protect  the  cable  where  it 
connects  to  an  air  line. 

5.  Reflection  of  a  Rectangular  Wave  from  the  Closed  End  of  a 
Line,  The  double  arrow  in  Fig.  7  represents  a  wave  which  has 
been  partly  reflected  from  the  short-circuited  end  of  a  transmis- 
sion line.  No  energy  can  be  delivered  to  the  end  of  the  line,  there- 
fore voltage  and  current  have  the  same  values  in  the  reflected  wave 
as  in  the  original  wave.  The  direction  of  progression  of  the  re- 
flected wave  is  opposite  to  the  direction  of  progression  of  the 
original  wave;  therefore  either  voltage  or  current  must  be  re- 
versed, but  not  both.  The  total  ciurent  at  the  end  of  the  line 
I  +  If  can  have  any  value  whatever,  but  the  total  voltage  E  + 
Er  must  be  zero. 


wirt 


£. 


§kort-Hreuiied 
emd  of  line 


«^^ 


Fig.  7 — Showing  a  Wave  Partly 
Reflected  from  the  Short- 
CiRCuiTED  End  of  a  Line 
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Fig.  8 — Showing  a  Wave  Partly 
Reflected  from  a  Non-Induc- 
TivE  Receiving  Circuit  of  Re- 
sistance R 


Therefore  Er    =    -  E  and  h  =  /. 

Reflection  takes  place  with  reversal  of  voltage  at  the  closed  end  of  a 

transmission  line. 

6.  Reflectionof  a  Rectangular  Wave  from  a  Non-inductive  Circuit 
connected  across  the  End  of  a  Line.  The  doubled  arrow  in  Fig.  8 
represents  a  wave  partly  reflected  from  a  non-inductive  circuit 
of  which  the  resistance  is  i^.  The  ratio  of  voltage  to  current  must 
bfe  the  same  in  the  original  and  in  the  reflected  wave,  except  for 
reversal  of  sign,  therefore 


E 
I 


~-  =  +  a 


and 


Er 
It 


(6) 


=  —  a 


(6) 
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These  two  equations  define  the  original  wave  and  the  reflected 
wave  as  pure  waves,  the  only  kind  which  can  exist  if  line  resistance 
and  line  leakage  are  negligible.  The  total  current  at  the  end  of 
the  line  in  Fig.  8  is  /  +  7r,  and  this  current  flows  through  the 
receiving  circuit.  The  total  voltage  across  the  end  of  the  line 
in  Fig.  8  is  E  +  Er,  and  this  voltage  acts  across  the  receiving 
circuit.  Therefore,  since  the  receiving  circuit  is  non-inductive 
we  have 

I  +  Ir ^-  (7) 

The  original  wave  is  supposed  to  be  given,  and  the  ratio  E/I  nec- 
essarily satisfies  equation  (6).  Equations  (6)  and  (7)  contain, 
therefore,  the  two  unknown  quantities,  Er  and  /r,  and  solving 
for  these  quantities  we  get 


^-Hi-lr) 


(8) 
and 


^■"(-Hl) 


(9) 


When  R  =  a  and  there  is  no  reflected  wave  at  all,  the  entire 
original  wave  is  swallowed  up,  as  it  were,  by  the  receiving  circuit. 

When  R  is  greater  than  a,  there  is  partial  reflection  with  re- 
versal   of    current;    thus    when    R  =  3  a,  we  get  E^  =  i -E,  and 

Ir   =    -§/. 

When  R  is  less  than  a,  there  is  partial  reflection  with  reversal 
of  voltage;  thus  when  R  =  ^  a^we  get  Er  =  —  i  E,  and  If  =  i  /. 

7.  Reflection  of  a  Ribbon  Wave  from  an  Inductive  Receiving 
Circuit.'^  The  solution  of  this  problem  is  completely  represented 
in  Fig.  9  for  the  case  in  which  R  =  I  a.  At  the  instant  that  the 
head  of  the  ribbon  wave  strikes  the  receiving  circuit  the  reflec- 
tion is  complete  with  reversal  of  current  (Er  =  E  and  Ir  =  —  /), 
because  an  appreciable  current  cannot  be  instantaneously  es- 
tablished in  the  inductive  receiving  circuit.  Current  is,  however, 
slowly  established  in  the  receiving  circuit,  and  the  reflected  wave? 
becomes  weaker  and  weaker,  passes  through  zero,  and  then  grows 
stronger  and  stronger  again,  until  finally  we  get  that  particular 
degree  of  steady  reflection  with  reversal  of  voltage  (Er  =  —  i  E, 

2.  The  analytical  solution  of  this  problem  is  given  in  Franklin's  "  Elec- 
tric Waves,"  pages  9^101. 
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and  If  =  i  I)  which  depends  upon  R  alone.      The    curves    cc 
in  Fig.  9  are  exponential  curves,  and  the  value  of  the  exponent 

— f .  t,  where  /  is  the  abscissa  expressed  in  seconds. 


IS  — 


8.  Transmission  Line  Surges  which  Follow  the  Switching  on  of  a 
Generator,  A  generator  of  negligible  resistance  and  reactance  is 
suddenly  switched  on  to  a  line,  and  a  ribbon  wave  of  generator 
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Fig.  9 — Showing  Reflection  of  a  Ribbon  Wave  from  a  Receiving 
Circuit  of  Resistance  R  and  Inductance  L,  when  R  =   i  a 

voltage  and  corresponding  current  (-7  =  <^  )  shoots  out  along  the 

line.  Assuming  line  resistance  and  leakage  to  be  negligible,  this 
ribbon  wave  is  reflected  back  and  forth  as  indicated  in  Fig.  10  or 
Fig.  11,  and  by  adding  together  the  voltages  and  currents  in  the 
successive  laps,  a  precise  knowledge  of  the  distribution  of  current 
and  voltage  over  the  line  at  any  instant  may  be  obtained.  Thus, 
after  a  thousandth  of  a  second,  the  total  travel  would  be  186  mi. 
(300  km.),  and  by  dividing  this  travel  by  the  length  of  the  line 
we  get  the  number  of  laps  of  the  ribbon  wave,  with  a  certain 
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fraction  of  the  next  lap.  By  careftilly  reckoning  up  successive 
laps  in  this  way  complete  curves  can  be  easily  plotted,  showing  the 
voltage  across  the  line  and  the  current  in  the  line  at  any  point  of 
the  line  as  functions  of  elapsed  times.  The  ampere-time  .curves 
in  Figs.  10  and  11  were  obtained  in  this  way. 

The  ribbon  wave  is  reflected  from  the  distant  end  of  the  line 
with  reversal  of  current  or  voltage  according  as  the  distant  end 
of  the  line  is  open  or  closed;  and  the  character  of  the  reflection  of 
the  ribbon  wave  at  the  battery  end  of  the  line  is  determined  by 
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Fig.  10 — Showing  Wave  which  Shoots  Out  from  a  Suddenly  Con- 
nected Battery,  Wave  being  Repeatedly  Reflected  at  both 

Ends  of  the  Line 


the  condition  that  the  total  voltage  across  the  battery  end  of  the 
line  must  always  be  equal  to  battery  voltage. 

Fig.  12  shows  what  happens  when  a  generator  of  negligible 
resistance  and  inductance  is  switched  on  to  a  transmission  line, 
a  non-inductive  receiving  circuit  being  connected  across  the  other 
end  of  the  line.  Fig.  12  shows  the  case  in  which  R  —  Za.  In  this 
case  voltage  and  current  are  each  reduced  to  half,  and  current  is 
reversed  by  reflection  from  R.  The  character  of  the  reflection 
from  the  battery  end  B  is  determined  by  the  same  condition  as  in 
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Figs.  10  and  11,  and  this  reflection  is  complete,  battery  resistance 
being  negligible. 

Fig.  13  shows  the  growth  of  current  at  B  in  Fig.  12  and  Fig.  14 
shows  the  growth  of  current  at  R  in  Fig.  12  for  the  case  in  which 
R  =  ^a.  In  this  case  voltage  and  current  are  each  reduced  to 
half,  and  voltage  is  reversed  by  reflection  from  R, 

9.  Reflection  at  a  Place  where  the  Line  Constants  Change,    An 
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Fig.   11 — Same  as  Fig.   10  Except  that  the  Distant  End  of  the 

Line  is  Short-Circuited 


important  case  to  consider  is  where  an  air  line  connects  with  an 
underground  cable  as  shown  in  Fig.  15.  A  rectangular  wave 
with  voltage  E  and  current  /  is  partly  turned  back  or  reflected 
from  the  end  of  the  cable,  and  partly  transmitted  into  the  cable. 
It  is  required  to  find  the  voltage  and  current  values  /v  and  Ir  in 
the  reflected  wave,  and  the  voltage  and  current  values  Et  and  /, 
in  the  transmitted  wave. 

There  are  two  expressions  for  the  total  voltage  across  the  line 
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Fig.  12 — Showing  a  Ribbon  Wave  Partially  Reflected  at  1^  (=  3a) 

AND  Completely  Reflected  at  B 
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Fig.  13 — Showing  Growth  of 
Current  at  B  in  Fig.  12, 
when  R  '='  ia 


Fig.  14 — Showing  Growth  of 
Current  at  R  in  Pig.  12, 
WHEN  R  ^  \a 
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at  p,  namely,  E  +  Er  on  the  one  hand,  and  Et  on  the  other  hand, 
and  these  two  expressions  must  be  equal.     Therefore 

E  +Er  =  Et  (10) 

Also,  the  total  current  I  '\-  Ir  must  be  equal  to  //,  so  that  we 
have 

I  +  Ir  ^h  (11) 

Fiuthermore,  we  have 


y  =  +  a  (12) 
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Fig.  15 — Showing  Wave  Partly  Reflected  at  a  Point  where  an 
Air  Line  Connects  With  an  Underground  Cable 


J  =  -«  (13) 


and  T-'  =  +  ^  (1*) 

From  these  equations  we  find 

Ef  =  r— i 'E  Et  =  — j — r-  •  E 

b  +  a  a  +  b 

a  +  b  a  +  0 

For  example,  a  wave  in  which  E  =  1412  volts  and  7  =  2 
amperes  (a  =  706  ohms)  travels  along  an  air  line,  and  comes  to 
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the  end  of  a  cable  for  which  b  =  100  ohms.  Under  these  con- 
ditions £r  =  —  1063  volts,  /r  =  +1.5  ami)eres,  £|  =  +  349  volts, 
and  /<  »■  +  3.5  amperes. 

10.  Reflection  at  a  Place  where  a  Line  Branches,  Fig.  16  repre- 
sents a  place  where  a  line  branches  into  two  similar  lines.  The 
doubled  arrow  represents  a  partly  reflected  rectangular  wave,  and 
the  two  transmitted  waves  are  exactly  alike  because  the  branch 
lines  are  similar,    Equating  voltages  across  branch  point,  we  have 

E  +  Er^Et  (16) 

Equating  currents  on  two  sides  of  branch  point,  we  have 

/  +  /.  =  2/,  (16) 


^    4. 

Fig.   16 — Showing  Wave   Partly  Reflected  at  a  Branch  Point 

OF  AN  Air  Line 

Also,  for  each  individual  wave  we  have 


y^  =  -a  (18) 


f  =  +  o  (19) 


and  from  these  equations  we  find 

£r  =  -  J  £  and  /r  =  +  i  / 
and  £i  =  I  £  and  /|  =  |  / 
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That  is,  the  reflected  wave  represents  1/9  of  the  energy  of  the 
original  wave,  and  each  transmitted  wave  represents  4/9  of  the 
energy  of  the  original  wave. 

11.  Transmission  Line  Surges  which  are  Produced  when  a 
Circuit  Breaker  Opens.  When  a  circuit  breaker  opens,  the  arc 
which  is  formed  persists  for  a  very  long  time,  relatively  speaking, 
and  the  open  gap  in  the  circuit  is  filled  with  a  fairly  good  conduct- 
ing material  which  slowly  loses  its  conductivity.  It  is  about  as 
nearly  impossible  to  produce  characteristic  line  surges  by  opening 
a  circuit  breaker  as  it  would  be  to  set  up  an  abrupt  water  wave 
in  a  canal  by  allowing  a  cubic  mile  of  soft  mud  to  flow  into  the 
canal  prism  to  stop  a  troublesome  flow  of  water  in  the  canal;  and 
yet  the  moon,  as  a  60-cycle  generator  (60  cycles  per  month!) 
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Fig.  17 

The  dotted  line  AB  represents  the  initial  current  in  the  transmission  line.     The  long 
heavy  arrow  represents  the  ribbon  wave  which  comes  from  D  after  the  line  at  D  is  opened. 

might  produce  a  troublesome  tidal  wash  in  a  large  estuary  while 
the  attempt  was  being  made  to  "  open-circuit  "  the  estuary  in 
this  Brobdingnagian  fashion!  Let  the  reader  consider  this 
hydraulic  analog  carefully.  It  produces  nearly  all  of  the  es- 
sentials of  the  electrical  case.  The  conducting  vapor  in  the  arc 
of  a  circuit  breaker  is  somewhat  analogous  to  mud  as  a  dam- 
building  material. 

Very  little  need  be  said  of  characteristic  line  surges  in  connection 
with  opening  of  switches,  except  in  the  case  of  very  long  lines. 
When  a  line  is  short,  or  only  moderately  long,  what  takes  place 
may  be  described  quite  accurately  in  terms  of  the  simple  ideas 
of  elementary  alternating-current  theory,  where  current  values 
are  supposed  to  rise  and  fall  simultaneously  throughout  an  entire 
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• 
circiiit.  The  formation  of  a  long  arc  between  line  wires  in  air, 
and  the  quick  snapping  out  of  such  an  arc,  is  the  only  case  known 
to  the  writer  where  an  electric  wave  disturbance  can  be  produced 
by  opening  the  circuit  of  a  transmission  line  of  moderate  length, 
and  the  essential  features  of  this  case  are  shown  in  Fig.  17.  Im- 
agine the  system  to  be  short-circuited  by  an  arc  at  the  distant 
end  D  of  the  transmission  line,  voltage  being  reduced  to  a  neg- 
ligibly small  value  over  the  whole  line,  and  a  large  current  / 
established  in  the  line.  The  generator  is  to  be  thought  of  as  hav- 
ing a  large  inductance  so  that  the  generator  current  cannot  change 
perceptibly  during  the  very  short  time  required  for  the  character- 
istic line  surges.  When  the  distant  end  of  the  line  is  opened,  a  rib- 
bon wave  shoots  towards  the  generator,  is  completely  reflected  at 
the  generator  with  reversal  of  current,  again  completely  reflected 
at  the  opened  end  D  of  the  line  with  reversal  of  current,  and  so  on. 
The  first  lap  of  this  ribbon  wave  wipes  out  the  current  in  the  line 
and  lays  down  a  certain  voltage  E  {  =  al).  The  second  lap  of 
the  ribbon  wave  lays  down  a  double  voltage,  and  the  original 
current.  The  third  lap  wipes  out  the  current  again,  and  lays 
down  a  voltage  equal  to  3  £,  and  so  on. 

It  must  not  be  imagined  that  the  sending  out  of  a  ribbon  wave 
depends  upon  a  continued  supply  of  energy  at  the  point  where 
the  ribbon  wave  originates.  Thus  in  Fig.  17  the  ribbon  wave  is 
superposed  upon  the  initial  current  /,and  the  first  lap  of  the  ribbon 
wave  wipes  out  this  current.  Therefore,  since  the  current  is  zero, 
there  is  no  energy  flow  at  all  from  the  opened  end.  The  second 
lap  of  the  ribbon  wave  lays  down  the  original  current  /  and  a 
doubled  voltage  2E  {  =  2  al) ,  and  this  combination  of  voltages 
and  current  represents  the  flow  of  energy  from  the  generator  into 
the  line. 


500  TRANSMISSION  LINE  SURGES  [April  24 

Ducussiow  OK  ''Some  Simple  Examples  of  Transmission 
Like  Surges  "  (Fraxkun),  Washington,  D.  C.  April  24, 
1914. 

J.  Mitrniy  Weed:  The  steepest  wave  fronts  which  are  pro- 
duced in  the  practical  operation  of  electrical  s\*steins  are  those 
caused  by  the  sudden  making  or  breaking  of  a  circuit.  A  dis- 
diarge  to  ground  would  come  under  this  classification,  although 
this  may  not  constitute  the  making  of  a  circuit  which  it  is  desired 
to  make.  It  does  not  seem  likely,  however,  that  the  making  of  a 
circuit  which  takes  place  by  the  rupturing  of  air,  oil,  or  some 
other  dielectric,  would  result  in  the  rectangular  waves  which  are 
presented  in  Dr.  Franklin's  paper.  When  we  consider  the 
velocity  of  186,000  miles  a  second,  it  becomes  obvious  that  a 
phenomenon  which  is  instantaneous,  so  far  as  our  ability  to  mea- 
sure time  is  concerned,  may  distribute  its  effects  over  a  very 
considerable  length  of  a  transmission  line.  Furthermore,  it  is 
my  belief  that  if,  by  any  means,  a  perfectly  abrupt  or  sheer  wave 
front  were  produced  in  a  transmission  line,  it  would  be  very 
rapidly  decomposed,  and  that  at  a  considerable  distance  from  the 
point  of  its  formation  it  would  have  become  considerably  tapered. 

We  do  have  good  evidence,  however,  that  wave  fronts  may  be 
produced  which  are  so  steep  as  to  be  dangerous  to  the  tum-to- 
ttun  insulation  of  inductive  apparatus;  sometimes  so  steep,  in 
fact,  as  to  rupture  insulation  which  has  been  specifically  designed 
to  withstand  this  sort  of  disturbance.  Moreover,  there  is  no 
doubt  that  most  of  the  voltage  disturbances  in  transmission  lines 
originate  as  traveling  waves,  or  impulses.  The  method  of  treat- 
ment used  by  Dr.  Franklin  is  ver>'  useful  in  investigating  the 
behavior  of  such  disturbances  and  also  in  investigating  various 
methods  of  protecting  from  these  disturbances.  They  have  been 
used  already  to  good  advantage  by  several  German  writers, 
notably  K.  W.  Wagner.  I  myself  have  been  making  a  study  of 
this  nature,  some  of  the  more  important  results  of  which  I  hope  to 
publish  in  the  near  future. 

The  written  discussion  which  I  have  submitted  gives  a  treat- 
ment somewhat  parallel  to  Dr.  Franklin's,  in  which  I  have  under- 
taken to  make  the  subject  of  how  and  why  waves  travel,  clear 
to  one  who  has  not  given  the  subject  any  study,  but  who  has,  to 
begin  with,  merely  a  fundamental  knowledge  of  inductance,  capac- 
ity and  resistance.  It  may  be,  also,  that  a  concise  statement  of 
this  matter  will  be  of  interest  to  those  who  are  more  familiar 
with   the   subject. 

J.  Murray  Weed  (by  letter) :  If  we  consider  a  generator,  of 
zero  impedance  and  of  voltage  JE,  connected  instantaneously  to  a 
ptue  inductance,  the  result  is  a  gradual  growth  of  current,  such 
that 

di 
Lj-^^E  (1) 
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The  current  which  enters  the  inductance  at  one  end  is  leaving 
it  at  the  other  end  at  the  same  instant,  since  there  is  no  capacity 
within  the  inductance  for  storing  up  current.  The  value  of  L 
involved  in  equation  (1),  therefore,  is  the  total  inductance,  and 
since  there  is  no  resistance,  the  growth  of  current  is  uniform  and 
continuous. 

If  the  same  generator  be  suddenly  connected  to  the  end  of  one 
wire  of  an  indefinitely  long  transmission  line  of  zero  losses  by 
closing  the  switch,  our  conception  of  the  method  in  which  the 
line  would  be  charged  is  as  follows: 

The  capacity  of  the  first  element  of  the  line  is  instantly  charged. 
But  current  must  flow  through  the  inductance  of  this  element 
to  charge  the  second  element,  and  this  requires  an  instant  of 
time.  After  the  second  element  is  charged  there  is  no  further 
growth  of  current  in  the  first  element,  since  there  is  no  difference 
of  potential  applied  to  this  element.  The  current  set  up  at  the 
first  instant  merely  continues  to  flow,  supplying  the  necessary 
charging  current  for  successive  elements  of  the  line,  and  current 
grows  in  but  one  element  at  a  time,  this  growth  being  by  an  in- 
stantaneous change  from  i  =  0  to  i  =  /.  The  current  /  and 
the  electrostatic  charging  of  the  line  tp  voltage  E  advance  to- 
gether with  a  sheer  wave  front,  so  that  the  total  voltage  of  the 
circuit  appears  at  the  front  of  the  wave.  We  find  the  relation 
between  this  action  and  the  growth  of  current  in  the  pure  in- 
ductance of  the  first  case,  as  follows: 

Equation  (1)  may  be  written  in  the  form 

'^ir-^  (2) 

and  for  the  transmission  line,  since  we  assume  an  instantaneous 
growth  of  current  from  zero  to  a  constant  maximum  value  in 
successive  elements  of  inductance,  we  may  say  that  we  have 
constant  current,  with  gradual  increase  of  inductance,  so  that 
equation  (2)  becomes 

if-E  (3) 

If  Lo  =  the  inductance  per  unit  length  of  the  line,  this  becomes 

or  (4) 

IL^dy  =  Edi 

where  y  =  distance  along  the  line. 

If  F  =  the  total  length  of  the  line,  and  T  =  the  time  required 
for  the  charging  wave  to  traverse  the  line,  the  integration  of 
equation  (4)  gives 

/FLo  =  £r  (6) 
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Conadering  now  the  relation  between  current,  voltage,  and  the 
capacity  of  the  line,  we  find  similarly  the  equation 

EC.dy-Idl  (6) 

where  Co  is  the  capacity  per  unit  length  of  the  line.    The  in- 
tegration of  this  equation  gives 

EYC.-'IT  (7) 

Prom  equations  (6)  and  (7)  we  obtain  directly  the  time  re- 
quired for  the  charging  wave  to  traverse  the  line, 

r  -  F  VITCi  (8) 

and  since  the  velocity  equals  the  length  of  the  line  divided  by  the 
time,  we  have 

I'  -      >  ^  (9) 

ViTci 

From  (6)  and  (7)  we  also  obtain 


(10) 


Since  the  first  member  of  this  equation  represents  the  electro- 
magnetic energy  per  unit  length,  and  the  second  member  the 
electrostatic  energy  per  tmit  length,  equation  (11)  shows  the 
equality  between  the  electrostatic  energy  and  the  electromag- 
netic energy  of  the  advancing  wave,  which  is  a  characteristic  of 
all  pttfe  traveling  waves.  The  total  energy  per  unit  length  of 
the  charging  wave  thus  is 

JF  =  ^  +^  =  Lo/*  =  CoE*  (11) 


This  energy  per  imit  length  multiplied  by  the  velocity  of  the 
wave  gives  the  power  absorbed  from  the  generator.  Thus, 
from  equations  (9)  and  (11) , 

and 

1  E^ 

P    —    Co  E?  — ,  =   ,'=^=^  /.•  n\ 

V  Lo  C,      a/  U  (18) 

Co 
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So  far  as  the  generator  is  concerned,  with  an  indefinitely  long 
transmission  line,  this  power  is  lost,  just  as  much  as  though  it 
had  been  consumed  by  the  resistance 

i?o  =  \/^  '  (14) 

The  quantity  V^r  is,  in  fact,  measured  in  ohms,  and  may  be 

called  the  wave  resistance  of  the  line. 

From  the  equation  (11)  or  directly  from  equations  (6)  and  (7), 
we  have  also 


\/* 


^0  (16) 


Thus  Ohm's  law  may  be  applied  to  a  transmission  line  with  re- 
spect to  traveling  waves,  and  shows  how  much  current  will  flow 
into  the  line  with  a  given  voltage  applied.  This  must  be  re- 
stricted, of  course,  to  the  initial  period  of  charging  the  line. 

If  we  examine  a  point  in  the  line  after  the  wave  fronthaspassed, 
we  find  the  constant  current  /  flowing  at  the  constant  voltage  £, 
which  is  the  generator  voltage,  supplying  the  power 

p  =  £/  =  PR^^  |!  (16) 

jf<0 


These  values  of  P  are  the  same  as  that  given  by  equation  (13) , 
Now,  if  the  generator  voltage  is  suddenly  reduced  to  zero, 
current  ceases  to  enter  the  line  from  the  generator.  One  might, 
at  first  thought,  expect  the  current  to  begin  to  flow  back  from  the 
line  into  the  generator.  This,  however,  is  not  the  case.  The 
wave  of  current  and  voltage  continues  to  progress  in  the  line. 
The  rear  end  of  the  wave  is  similar  to  the  front  end,  except  that 
the  voltage  E  existing  in  the  line,  here  acts  in  a  direction  toward 
the  generator,  instead  of  away  from  the  generator,  and  we  have 
here  a  counter  e.  m.  f.  which  is  away  from  the  generator,  due  to 
the  cessation  of  current  in  that  inductance  from  which  the  rear 
end  of  the  wave  is  passing,  whereas  the  counter  e.  m.  f.  at  the 
front  of  the  wave  is  toward  the  generator,  due  to  the  current 
entering  the  inductance  which  is  in  advance  of  the  wave.  Kir- 
choff's  law  for  voltage  is  satisfied  at  both  ends  of  the  wave,  as 
expressed  for  the  front  end  by  equation  (4) .  The  same  equation 
may  be  used  for  the  rear  end,  but  the  opposing  e.  m.  f*s  are 
reversed  with  respect  to  the  positive  direction  in  the  circuit.  If 
we  change  signs  on  both  sides  of  the  equation  to  account  for  this, 
we  have 

-IL^dy  =  -Edt  (17) 
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This  eqtiation  for  the  rear  end  of  the  wave  may  be  looked  upon 
as  belonging  to  a  wave  front  of  opposite  polarity,  the  front  of  a 
wave  of  negative  current  and  negative  voltage,  superposed  upon 
the  former  wave  of  positive  current  and  positive  voltage,  and  thus 
reducing  both  current  and  voltage  to  zero. 

The  above  deductions  were  made  with  respect  to  an  abrupt 
or  sheer  wave  front.  If  a  practical  generator,  or  generator  and 
step-up  transformer,  of  large  inductance,  be  suddenly  connected 
to  the  end  of  a  line,  the  charging  wave  will  not  be  abrupt,  since 
the  ciurent  /  must  grow  in  the  inductance  of  the  generator.  The 
growth  of  cturent  and  voltage  at  the  entrance  of  the  trans- 
mission line  are  logarithmic,  as  expressed  by  the  equations 


and 


E  -^t 

*^r;^^-'~'  )  (18) 


e  =  £(1  -e~T') 


(19) 


where  i?o  =  Vtt    is  the  wavQ  resistance  of  the  line,  as  found 

Co 

above  for  the  abrupt  wave,  L  is  the  inductance  of  the  generator 
and  /  is  the  time  measured  from  the  instant  of  closing  the  switch. 
Substituting  the  value 

t  =  y  V~LoCo  (20) 

these  equations  become 

-0 

and 

(22) 


^  =  ^0^^"^    "')  (21) 


e  =  Eil-e'L') 


which  give  the  current  and  voltage  at  a  point  in  the  wave  dis- 
tant y  from  the  tip  of  the  wave  which  entered  the  line  at  the 
first  instant. 

That  such  a  tapered  wave,  or  in  fact  a  wave  of  any  shape,  will 
follow  the  same  laws  as  the  wave  with  abrupt  front  and  rear,  is 
easily  inferred  by  thinking  of  the  tapered  wave  as  made  up  of 
infinitesimal  abrupt  waves,  distributed  in  time,  or  in  space. 
Equations  (4)  and  (6)  can  be  applied  to  each  of  these  differential 
waves  and  integrated  with  respect  to  distance  and  time,  giving 
in  lieu  of  equations  (6)  and  (7), 

diYLo  =  deT  (23) 

and 

deYCo  =  diT  (24) 

All  of  these  differential  waves,  therefore,  follow  the  same  laws 
of  propagation,  reflection  and  refraction  as  a  finite  abrupt  wave. 
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Thus,  the  velocity  of  e^h  element  of  the  wave  will  be  the  same, 
and  the  same  proportions  are  reflected,  and  refracted.  The  wave 
shape  of  the  tapered  or  irregular  wave,  obtained  by  the  super- 
position of  all  of  the  differential  elements,  is  therefore  pre- 
served, and  the  same  proportionality  will  exist  between  the 
original  wave  and  its  reflections  and  refractions  as  with  the 
abrupt  wave;  although  this  statement  would  have  to  be  modified 
where  the  reflecting  agent  is  reactive. 

Some  consideration  of  the  nature  of  so-called  reflections  of 
the  traveling  wave  will  make  this  subject  clearer  to  those  who  are 
not  already  familiar  with  it.  Thus,  for  instance,  at  the  instant 
when  the  abrupt  wave  reaches  the  end  of  the  line,  we  find  the 
entire  line  charged  to  voltage  £,  and  the  current  /  flowing  through- 
out its  length.  The  condition  at  this  instant  is  the  same,  whether 
the  line  be  open  or  closed.  If  the  line  is  open,  since  the  current 
can  not  flow  out  at  the  end  of  the  line,  it  supplies  additional  charge 
to  the  end  of  the  line,  and  so  builds  up  the  voltage  to  a  higher 
value  than  E,  The  question  as  to  how  high  this  voltage  will 
build  has  been  answered  by  saying  that  the  wave  is  completely 
reflected,  with  negative  current  and  positive  voltage,  this  re- 
flected wave  superposed  upon  the  oncoming  wave  giving  zero 
current  and  double  voltage. 

This  statement,  however,  does  not  give  the  true  fact,  but  a 
fictitious  condition  which  is  equivalent  to  the  fact.  The  fact 
is  that  the  line  retains  its  charge  corresponding  to  the  voltage  £, 
while  the  current  /  acts  in  the  same  manner  as  it  would  if  it 
had  been  flowing  through  the  line,  with  no  voltage  at  all  pres- 
ent, and  were  suddenly  interrupted  at  the  end  of  the  line.  With 
the  building  up  of  a  certain  voltage  E'  in  the  last  element  of  the 
line,  current  must  cease  in  the  next  to  the  last  element.  Other- 
wise the  voltage  would  continue  to  build  up  indefinitely.  Volt- 
age will  then  build  up  in  the  next  to  the  last  element,  with  ces- 
sation of  current  in  the  preceding  element,  etc.  The  voltage 
E^  is  acting  in  a  direction  against  the  current  or  the  negative  direc- 
tion, while  an  equal  counter  e.  m.  f.  in  the  positive  direction  is 
produced  by  the  reduction  in  the  amount  of  inductance  occupied 
by  the  current  /.  This  balance  of  e.  m.  f 's  is  expressed  by  equa- 
tion (4)  with  the  appropriate  changes  in  signs.     Thus 

/Lo(  -dy)  =-E'dt  (26) 

This  equation  may  be  looked  upon  as  applying  to  a  wave  of 
negative  voltage  and  positive  current,  traveling  in  the  negative 
direction,  and  leaving  the  line  charged  to  the  voltage  E'.  In 
the  case  which  we  are  considering,  the  line  was  already  charged 
to  voltage  E,  so  that  the  resultant  voltage  is  now  £  +  £'. 

If  we  change  signs  on  both  sides  of  equation  (26),  thus  trans- 
ferring it  to  the  other  side  of  the  wave  front,  we  have 

^/'Lo(  -dy)  =  E'dt  (26) 
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This  equation  applies  to  the  front  of  4;he  fictitious  reflected 
wave  of  positive  voltage  and  negative  current,  which  is  sup- 
posed to  be  superposed  upon  the  original  wave. 

The  same  considerations  which  gave  us  the  current  which 
will  enter  a  line  with  voltage  E  applied  (16),  will  now  give  us 
the  voltage  which  will  be  built  up  in  the  line  by  the  current 
/,  namely, 

£'  =  /  i^o  (27) 

If  reference  is  made  to  the  fictitious  reflected  current,  which 
is  no  doubt  the  more  convenient,  we  must  take  account  of  the 
negative  sign,  and  (27)  becomes 

£'  =  -  /'  Ro  (28) 

where  /'  is  negative. 

In  the  case  of  the  closed-ended  line,  instead  of  the  line  retain- 
ing its  charge  corresponding  to  voltage  £,  and  the  current  / 
btulding  up  an  additional  voltage  £',  which  is  equal  to  £,  we 
find  that  the  current  /  is  uninterrupted,  while  the  voltage  £ 
is  permitted  to  set  up  an  additional  current  /',  which  is  equal 
to  /.  Equation  (28)  applies  here  also,  but  in  this  case  /'  is 
positive  and  £'  negative. 

Professor  Franklin  has  spoken  of  the  effects  of  line  losses  as 
usually  small.  *  It  can  be  shown  that,  as  ordinarily  considered, 
they  have  no  effect  in  destroying  the  abruptness  of  the  wave, 
but  that  they  reduce  the  height  of  the  wave  front  in  accordance 
with  the  equation 

Ey  =  Eie"  ^1^+2^^^ 

where  Ey  is  the  voltage  at  the  wave  front,  E\  is  the  voltage 
with  which  the  wave  enters  the  line,  y  is  the  distance  that  the 
wave  has  traveled,  g  and  r  are  the  insulation  conductance  and 
the  resistance  per  unit  length  of  line,  and  Go  is  the  reciprocal 
of  jRo,  and  may  be  called  the  wave  conductance  of  the  line. 

There  is,  however,  another  element  of  loss,  and  of  energy 
absorption,  which  exists  only  in  the  wave  front,  and  which 
does  destroy  its  abruptness.  The  rapidity  of  this  action  I 
have  not  yet  determined.  The  action  referred  to  is  that  of 
skin  effect,  the  current  at  the  extreme  front  of  an  abrupt  wave 
being  all  at  the  surface,  and  becoming  gradually  diffused  after 
the  wave  front  has  passed.  I  have  found  that  the  energy  sub- 
tracted from  the  wave  within  the  region  wherein  this  diffusion 
takes  place,  corresponds  to  a  resistance  of  30  ohms. 

With  a  perfectly  abrupt  wave  front  this  resistance  will  be 
effective  with  respect  to  the  total  current  at  once,  and  so  will 
decompose  the  wave  front  rapidly.  As  soon  as  the  wave  front 
becomes  tapered,  the  extra  wave  front  resistance  will  be  effec- 
tive with  respect  to  only  a  part  of  the  current  at  a  time,  and 
the  energy  absorbed  is  thus  reduced,  as  well  as  distributed  over 
a  greater  distance,  or  longer  portion  of  the  wave.     This  process 
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of  reducing  the  energy  absorbed,  and  distributing  it  over  greater 
distance,  goes  on  progressively. 

A.  G.  Webster:  To  allay  the  doubts  of  the  last  speaker, 
Mr.  Weed,  who  said  that  it  was  impossible  for  the  comers  to 
persist,  I  will  say  that  that  is  absolutely  true  in  real  lines,  but 
Dr.  Franklin  has  the  gift  of  making  things  very  simple  by 
making  certain  assumptions. 

Some  of  us  are  familiar  with  soimd.  It  happens  that  sound 
waves  are  easier  to  experiment  on  than  electric  waves.  The 
theory  given  by  Dr.  Franklin,  and  the  theories  advanced  in 
the  papers  by  Mr.  K.  W.  Wagner,  in  which  you  will  find  a 
ntunber  of  oscillograms,  show  these  things,  how  you  may  have 
comers  in  a  real  circuit,  though  the  comers  round  off,  and  the 
theory  is  exactly  the  same  as  the  transmission  of  plain  sound 
waves.  You  know  that  organ  pipes  correspond  exactly  to  the 
circuit  with  a  certain  amount  of  inductance,  and  with  a  certain 
amount  of  capacity,  which  is  elasticity  of  air.  Any  wave  that 
enters  at  one  end  proceeds  to  the  other  end,  and  is  reflected  back 
if  the  end  is  open.  If  the  pressure  is  that  of  the  open  air  there 
cannot  be  any  difference,  and  the  pressure  wave  is  reflected 
back.  So,  if  the  end  is  open  there  can  be  no  current,  and 
the  current  is  reflected  back.  On  the  other  hand,  if  the  end  is 
closed,  there  can  be  no  displacement,  because  air  cannot  move 
against  a  wall,  it  being  a  longitudinal  wave.  If  the  electrical 
wave  has  an  open  end  where  there  is  no  current  the  potential 
is  doubled.  Say  that  a  wave  runs  back  and  forth  in  this  tube, 
it  is  different  at  the  two  ends  and  has  to  go  back  and  forth 
four  times  before  it  gets  to  its  former  condition,  and,  there- 
fore  the  wave  length  will  be  four  times  the  length  of  the  tube. 

Twenty-one  years  ago  I  made  some  experiments  on  these 
surges,  not  on  a  cable,  for  I  had  none,  but  on  a  wire  some  five 
or  six  hundred  feet  long.  On  the  basis  of  my  experiments  I 
announced  that  I  would  present  a  paper  at  the  International 
Electrical  Congress  in  Chicago,  in  1893,  spoken  of  by  President 
Mailloux  earlier  this  evening.  I  made  a  few  experiments,  enough 
to  justify  me  in  sending  in  the  title  of  the  paper,  but  as  it  de- 
veloped, they  were  not  enough  to  justify  the  preparation  and 
reading  of  a  paper,  so  I  withdrew  it.  The  apparatus  with 
which  to  conduct  the  experiments  was  made,  but  on  account 
of  mechanical  difficulties  it  was  put  aside.  Since  Dr.  White- 
head asked  me  last  week  if  I  would  speak  on  this  paper,  I  have 
put  up  a  wire  again,  and  made  further  experiments.  I  may 
say  that  all  of  Mr.  Wagner's  experiments  were  made  on  an 
artificial  line,  a  very  remarkable  line  made  of  coils  and  con- 
densers and  representing  all  sorts  of  cables  and  all  sorts  of 
lengths,  and  his  conditions,  though  simpler,  are  more  like 
reality  than  Dr.  Franklin's,  for  he  allows  you  to  put  in  a  damp- 
ing term.  My  own  experiments  have  borne  out  the  same 
idea.  Such  a  wave,  instead  of  being  a  ribbon  wave,  falls  off, 
as  was  stated  by  the  last  speaker.     There  is  a  comer  on  it,  but 
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this  comer  goes  along  with  the  velocity  of  light,  and  when  it 
has  reached  a  given  point,  it  has  fallen  off  by  a  definite  fraction. 
I  showed  the  proof  of  that  in  my  book  some  seventeen  years 
ago.  The  theory  was  given  some  twenty-five  to  thirty  years 
ago  by  Oliver  Heaviside. 

This  line  that  I  speak  of  was  merely  a  copper  wire  stnmg  up, 
and  a  charge  is  put  on.  The  other  end  of  the  wire,  which  has 
been  brought  back  by  a  sufficiently  remote  route,  is  connected 
with  an  electrometer,  and  about  two-millionths  of  a  second  after 
this  discharge  has  been  put  on  the  electrometer  is  disconnected. 
The  thing  is  done  again,  moving  the  micrometer  up  so  as  to  make 
it,  say,  a  millionth  of  a  second,  but  as  this  line  was  only  three 
hundred  meters  long,  it  took  a  millionth  of  a  second  to  traverse 
it,  and  you  see  the  instrument  is  put  under  very  serious  de- 
mands, and  I  am  free  to  say  it  is  not  sensitive  enough  to  give 
satisfactory  performance  on  a  very  short  line.  I  would  like 
to  have  a  line  two  or  three  miles  long.  A  battery  is  put  on  here — 
we  will  say  it  is  positive.  You  can  easily  see  that  the 
electrometer  can  give  absolutely  no  negative  readings  unless 
there  are  surges.  As  a  matter  of  fact  we  get  a  certain  number 
of  positive  readings  scattered  around,  but  we  get  some  negative 
readings,  at  least  half  as  big  as  the  positive  readings.  My 
instrument  is  not  perfect,  but  it  is  sensitive,  it  will  measure 
to  one  two-millionth  of  a  second,  but  it  will  not  do  the  same 
thing  for  one  ten-millionth  of  a  second.  If  I  had  a  longer  line 
I  could  show  these  things  in  a  better  experiment.  That  is  the 
experiment  I  tried  to  do  twenty-one  years  ago — I  did  not  for- 
get it,  but  put  it  aside,  and  last  week  I  got  what  I  may  call 
positive  resiilts. 

As  has  been  said,  in  a  real  line  the  wave  goes  to  186,000 
miles  per  second,  but  few  lines  are  as  long  as  that.  These  things 
happen  quickly;  that  they  are  real  no  one  doubts;  that  the 
potential  may  be  doubled  and  climb  up  by  steps,  etc.,  all  those 
things  are  a  consequence  of  theory. 

In  these  papers  of  Dr.  Wagner's  you  will  see  real  oscillo- 
grams; the  whole  thing  is  very  clear.  There  is  a  charge  put 
on  a  resistance,  the  potential  rises  immediately,  falls  a  little. 
goes  up  again,  and  comes  back,  and  so  on,  and  this  approaches 
an  asymptote,  and  then  the  potential  goes  down,  by  successive 
steps.  This  was  not  on  a  real  line,  it  was  on  an  imitation  line, 
but  I  presimie  everybody  here  believes  a  statement  of  Prof. 
Pupin,  which  he  has  evolved  from  his  experiments,  that  such 
lines  do  imitate  the  real  lines  to  great  perfection,  provided  the 
coils  are  subdivided  finely  enough. 

A.  Hamilton-Ellis  (by  letter) :  I  do  not  agree  with  the  author 
that  very  little  need  be  said  in  connection  with  the  opening  of 
switches  on  short  lines. 

In  a  case  which  occurred  some  time  ago,  at  the  station  where 
the  writer  is,  the  switching-off  of  a  bank  of  three  single-phase 
transformers,  connected  in  delta  on  the  primary,  for  supply- 
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ing  a  750-kw.  synchronous  converter,  resulted  in  wrecking 
the  switch  and  almost  wrecking  the  cell  structure.  The  trans- 
formers were  only  energized  at  the  time,  the  converter  being 
shut  down. 

The  supply  was  at  6600  volts,  25  periods,  with  one  phase 
earthed,  the  neutral  of  the  generator  being  insulated.  Between 
the  switch  and  transformers  were  approximately  90  ft.  of  three- 
core,  paper-insulated,  lead-covered  cable  of  0.075  sq.  in.  sec- 
tion. An  examination  of  the  switch,  or  what  was  left  of  it,  showed 
the  appearance  of  an  arc  having  been  broken,  but  it  was  ex- 
tremely doubtful. 

However,  doubts  were  soon  put  at  rest,  for,  shortly  after- 
wards, one  of  the  transformers,  which  had  the  appearance  of 
an  arc  having  taken  place  inside  it,  was  disconnected  and  a 
generator  was  run  directly  upon  it.  The  connection  between 
the  generator  switch  and  the  transformer  was  made  with  7/16 
stranded  cable,  one  pole  being  grounded.  On  reaching  6600 
volts,  the  generator  switch  was  accidentally  opened,  with  the 
result  that  the  switch  was  wrecked,  this  wrecking  taking 
place  across  the  terminals  outside  the  switch.  An  examina- 
tion of  the  switch  contacts  failed  to  show  any  sign  of  an 
arc  having  taken  place,  and  the  transformer  was  later  found 
to  be  all  right. 

Further  tests  were  carried  out  with  an  oscillograph,  when 
it  was  found  that  the  voltage  rise  was  approximately  5^  times 
normal,  when  the  switch  was  opened  with  these  transformers 
on  magnetizing  current  alone. 

Perhaps  the  author  will  be  able  to  give  a  reason  for  the  oc- 
currence. Allowing  that  in  the  first  instance  an  arc  was  drawn 
out  and  that  the  condenser  effect  of  the  cable  was  sufficient 
to  quench  it  suddenly,  the  cause  is  not  so  self-evident  in  the 
second  case. 

However,  the  point  I  wish  to  bring  forward  is,  that  even  in 
the  case  of  the  shortest  of  connecting  lines  between  the  generator 
busbars  and  the  apparatus  that  is  connected  thereto,  there  is 
every  possibility  of  these  surges  taking  place. 
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A  MILLIAMPERE  CURRENT  TRANSFORMER 


BY  EDWARD  BENNETT 


Abstract  of  Paper 

(1)  It  is  pointed  out  that  by  the  use  of  a  current  transformer 
having  a  primary  to  secondary  current  ratio  of  the  order  of  1  to 
100,  oscillograms  can  be  obtained  of  the  charging  current  of  a 
single  high-tension  insulator  or  of  a  few  feet  of  high-tension  trans- 
mission line;  that  is,  oscillograms  of  currents  of  the  order  of  0.1 
to  0.5  milliampere  may  be  obtained. 

(2)  The  drawings  and  specification  are  given  for  a  transformer 
for  this  purpose. 

(3)  The  transformer  relations  are  discussed;  the  methods  of 
determining  the  transformer  constants  are  outlined,  and  the  per- 
formance of  transformers  constructed  in  accordance  with  the 
specifications  is  determined. 

(4)  A  series  of  oscillograms  is  given  to  illustrate  some  of  the 
applications  of  the  transformer,  such  as  to  the  study  of  corona, 
high-tension  insulators,  and  leakage  currents  in  evacuated  lamps. 


I — Introduction.     Purpose  of  the  Transformer 

IN  AN  investigation  of  the  merits  of  wooden  insulator  pins 
and  of  the  causes  of  pin  charring,  conducted  in  1908  for 
the  Telluride  Power  Company,  the  writer  had  occasion  to  con- 
struct a  current  transformer  which  would  permit  of  obtaining 
oscillograms  of  the  displacement  current  across  a  single  high- 
tension  insulator.  Since  then  a  similar  transformer  has  been 
used  to  determine  the  effect  of  corona  on  the  wave  form  of  the 
displacement  current  between  a  10-ft.  (3-m.)  length  of  wire  and 
a  concentric  14-in.  (35.56-cm.)  pipe. 

The  first  transformers  were  designed  to  have  a  current  ratio 
of  100,  but  on  test  developed  a  ratio  of  only  89;  moreover,  it  was 
evident  that  high  harmonics  were  getting  through  the  primary 
winding  as  a  displacement  current  from  layer  to  layer. 

Computations,  based  on  the  assumption  that  the  primary  was 
wound  in  layers,  had  indicated  that  the  displacement  current 
between  layers  at  60  cycles  would  be  less  than  0.2  per  cent  of  the 
total  current.  After  the  test,  these  computations  were  rechecked 
with  the  same  results  as  before,  and  for  some  time  the  discrepancy 
remained  inexplicable.  The  cause  of  the  discrepancy  was  event- 
ually discovered  and  eliminated  only  by  a  chance  observation. 
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In  view  of  this  experience  and  of  the  merits  of  the  transformer 
for  certain  lines  of  investigation,  a  description  of  the  construction 
and  characteristics  of  the  perfected  transformer  would  seem  to 
be  warranted  and  is  herewith  presented. 

Purpose  of  the  Transformer.  A  deflection  of  one  centimeter 
on  oscillograms  from  the  oscillograph  used  is  obtained  with  a 
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Pig.  1 — CoNNBCTiONS    for    Insulator    Oscillograms 

current  of  from  0.05  to  0.08  peak  ampere.  Oscillograms  with 
a  peak  deflection  of  less  than  0.5  cm.  are  not  very  satisfactory, 
therefore  the  smallest  current  which  will  give  a  satisfactory 
oscillogram  when  passed  directly  through  the  vibrator  of  the 
oscillograph  is  0.02  r.m.s.  ampere. 

The  displacement  current  at  the  working  voltage  from  the  line 
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Fig.  2 — Connections  for  Oscillogram  of  the   Charging   Current 

OF  A  Wire 


wire  to  the  pin  of  a  single  high-tension  insulator  is  about  0.0002 
ampere  at  60  cycles,  that  is,  it  is  approximately  the  same  as  the 
charging  current  of  six  ft.  (1.8  m.)  of  No.  00  B.  &  S.  conductor 
at  34.6  kv.  to  ground.  Oscillograms  of  these  currents  may  be  ob- 
tained by  using  a  current  transformer  with  a  current  ratio  of 
100  as  shown  in  Figs.  1  and  2. 
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II — Description  of  the  Transformer 

The  construction  and  dimensions  of  the  transformer  are  shown 
in  Figs.  3  and  4.  Primary  and  secondary  coils  are  wound  on  a 
single  hard  rubber  spool,  the  secondary  coils  being  at  the  bottom  of 
the  spool.  The  magnetic  circuit  comprises  a  short  bridge  section 
within  the  spool  and  two  wings  of  greater  length  but  each  having 
1.8  times  the  cross -section  of  the  bridge.  The  laminated  core 
is  clamped  between  two  maple  blocks  on  which  are  mounted 
the  binding  posts  in  which  the  coils  terminate. 


DiNCNSlOriS  IN  MILUHETERS 


Figs.  3  and  4 — Milliampere  Current  Transformer 


Specification 
,  Rating. 

Secondary  current  range  0.01  to  0.1  ampere. 

Ratios  of  current  transformation  100  and  200. 

Primary  current  range  0.00005  to  0.001  ampere. 

Frequency  60  cycles. 

Resistance  of  external  circuit  0.6  ohms. 

Reactance  "         "  "       negligible. 

The  200  ratio  is  for  use  only  in  those  cases  in  which  very  exact 

phase  relations  are  not  essential. 

Primary  Winding. 

16,200  turns  of  38  B.  &  S.  gage  enameled  copper  wire. 
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Mean  diameter  of  turn  6.3  cm. 

Total  length  of  wire  3210  meters. 

Measured  resistance  6650  ohms. 

The  wire  is  not  wound  in  single  layers  but  in  "  sections  "  of 
about  600  turns  each  with  a  layer  of  0.04-mm.  tissue  paper 
between  sections. 

Secondary  Winding. 
Number  of  coils  3. 

Size  of  wire  No.  20  B.  &  S.  double  silk  covered  copper. 
Coil  1  has  1  layer  of  27  turns. 

Resistance,  0.11  ohms. 
Coil  2  has  81  ttims  in  3  layers. 

Resistance  0.34  ohms. 
Coil  3  has  81  turns  in  3  layers. 

Resistance  0.38  ohms. 
Coils  2  and  3  are  used  in  series  for  a  ratio  of  100  and  in  parallel 
for  a  ratio  of  200. 

Core. 

14-mil  (0.36-mm.)  silicon  steel. 
Net  section  of  bridge  section  4.2  sq.  cm. 
Magnetic  length  of  bridge  section  about  5  cm. 
Net  section  of  each  wing  7.7  sq.  cm. 
Magnetic  length  of  wing  section  15  cm. 
Flux  densities  at  0.05  ampere  secondary: 

36  lines  per  sq.  cm.  in  bridge. 

10     «       u     u     a     u   wings. 
Joints  in  the  magnetic  circuit,  2. 

Ill — Transformer   Relations 

Fig.  5  is  a  vector  diagram  showing  the  phase  relations  of 
currents,  voltages,  and  magnetic  flux  when  the  transformer  is 
connected  for  a  ratio  of  100  and  is  delivering  0.05  ampere  (effec- 
tive value)  to  the  secondary  circuit.  Unless  otherwise  stated, 
the  following  discussion  all  relates  to  the  100  to  1  connection 
of  the  transformer. 

In  this  diagram, 
if  I2  =  0.05  ampere  represents  the  current  in  the  secondary  then 
£2     =  0.05  (^2  +  JX2)  represents  the  voltage  that  must  be  in- 
duced in  the  secondary  by  the  magnetic  flux. 

Ei  =  I2  (^2  +  JX2)  is  the  resultant  of  the  two  components, 

/ir2,  in  phase  with  the  secondary  current,  and 
jl»xt,  leading  the  secondary  current  by  90  deg.,  where 
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r%  is  the  resistance  of  the  secondary  winding  plus  the  resistance 
of  the  external  circmt  supplied  by  the  secondary,  and 

xt  is  the  reactance  of  the  secondary  winding  due  to  leakage 
flux  embracing  the  secondary  alone,  plus  the  reactance 
of  the  external  circmt. 

The  secondary  voltage  £j  is  induced  by  the  mutual  magnetic 
flux  <Pf  90  deg.  in  advance  of  and  directly  proportional  to  E%. 

To  drive  the  flux  (p  through  the  magnetic  circuit  there  is  re- 
quired a  magnetizing  force  consisting  of  two  components,  a  watt- 
less component  M  in  phase  with  <Py  and  a  power  component  W, 
90  deg.  in  advance  of  <p.  The  primary  current  /i  must  furnish 
this  magnetizing  force  and  must  in  addition  neutralize  the  mag- 
netomotive force  of  the  secondary  current  /j. 


It*0.05Amp. 


E,slOv. 


-~jE2.6.6v. 


Fig.  5 — Transformer  Diagram 

Note.     The  cxcitinK  current  /e  and  its  components  Im  and  Iw  arc  drawn  to  10  times 
the  scale  of  the  primary  and  secondary  currents. 

The  primary  current  then  is  the  resultant  of  three  components: 

First,  a  neutralizing  component  /«  = /j  or 

til 

in  phase  opposition  to  I2. 

Second,  a  wattless  exciting  component  /«,  in  phase  with  (p. 

Third,  a  power  exciting  component  /«,,  90  deg.  in  advance  of^. 

The  voltage  Ei  consumed  in  the  primary  of  the  transformer  is 
made  up  of  three  components : 

First,  the  voltage  consumed  by  the  mutual  flux  <py 

—  — xi^' 

fh 

Second,  the  voltage  consumed  by  resistance  in  the  primary, 
a  voltage  in  phase  with  /i,  and  equal  to  /ifi. 

Third,  the  voltage  consumed  by  leakage  flux  linking  with  the 
primary  alone,  a  voltage  90  deg.  in  advance  of  /i  and  equal  to 

jIlXi. 
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It  is  seen  from  this  diagram  that  the  reversed  secondar\'  current 
leads  the  primary  current  by  a  small  angle,  X.  whose  tangent  is 
approximately  equal  to  the  component  of  the  exciting  current  in 
quadrature  to  the  load  current  divided  by  the  load  current. 
Furthermore,  the  ratio  of  the  secondary  to  primary  current  is  less 
than  the  ratio  of  primar>'  to  secondary  ttuns.  due  to  the  com- 
ponent of  the  exciting  current  in  phase  with  the  load  ciurent.- 

IV — Determination  of  the  Transformer  Constants 

Resistance.     The  resistance  of  the  secondar>'  circuit  is  as 
follows: 

Secondary  winding 0.62  ohms 

Leads  to  the  oscillograph  (negligible; 

Vibrator  of  the  oscillograph 0.6       " 

Total  secondary  resistance 1 .32     " 

Reduced  to  the  primar\'  the  equiva- 
lent resistance  is  13,200  ohms. 

The  resistance  of  the  primarj'  is  6600 
ohms,  making  a  total  transformer  and 
vibrator  resistance  of  19,850  ohms. 

It  will  be  noted  that  the  resistance 
given  for  the  \'ibrators,  (0.6  ohms),  is 
only  one-half  of  the  resistance  of  the 
standard  vibrators.  This  reduction  in 
the  resistance  has  been  effected  by  modifying  the  x'ibrators  as 
shown  in  Fig.  6.  This  modification  eliminates  useless  silver 
strip,  reducing  the  length  of  the  strip  to  one-half  the  standard 
length,  without  in  any  way  affecting  the  period  or  sensitiveness 
of  the  vibrator.  It  is  of  course  out  of  the  question  to  fuse 
vibrators  used  in  the  secondary  of  the  current  transformer,  be- 
cause of  the  high  resistance  of  the  fuse. 

Reactance.  The  reactance  of  the  external  part  of  the  secondary 
circuit  is  negligible  in  comparison  with  the  reactance  of  the 
secondary  winding. 

The  separate  reactances  of  primary  and  secondary  due  to  leak- 
age flux  cannot  be  computed  from  the  transformer  dimensions 
with  any  degree  of  accuracy.  The  combined  leakage  reactance  of 
primary  and  secondary  can,  however,  be  obtained  experimentally 
by  taking  an  oscillogram  with  the  connections  shown  in  Fig.  7. 
Fig.  8  (film  203)  is  a  characteristic  oscillogram  taken  with  these 
/ionnections.   The  cturent  /  in  the  secondary  lags  about  12  degrees 


Fig.  6 — Modified 
Vibrator 
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behind  the  potential  E  across  the  primary.  With  a  transformer 
and  a  vibrator  resistance  of  19,850  ohms,  a  lag  of  12  deg.  indi- 
cates a  leakage  reactance  of  4800  ohms  at  60  cycles. 

It  will  be  approximately  correct,  and  will  introduce  no  ap- 
preciable error  to  apportion  half  of  this  to  the  primary  and 
half  to  the  secondary,  thus  making  the  primary  reactance  2400 
ohms  and  the  secondary  reactance  0.24  ohms.  Fig.  6  has  been 
constructed  on  this  basis. 

Flux  Densities.  With  a  total  secondary  impedance  of  1.33 
ohms  =  (1.32  +  J  0.24),  the  secondary  voltage  at  0.05  ampere 
is  0.066  volt.  To  generate  this  voltage,  the  flux  densities 
must  be  36  lines  per  sq.  cm.  in  the  bridge  and  10  lines  per  sq.  cm. 
in  the  wings.  Data  are  not  available  for  the  predetermination 
of  the  exciting  ciirrent  at  these  low  flux  densities. 

Phase  Displacement  and  Ratio  of  Transformation.  To  deter- 
mine the  phase  displacement  between  primary  and  secondary 
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Fig.  7 — Connections    for    the    Determination    of    Transformer 

Reactance 

currents  and  the  ratio  of  transformation,  oscillograms  were 
taken  with  the  connections  shown  in  Figs.  9  and  12.  As  shown 
in  Fig.  9,  a  60-cycle  current,  measured  by  a  voltmeter  A,  is 
passed  through  one  of  the  81 -turn  coils  and  through  the  vibrator 
P.  The  second  81 -turn  coil  is  connected  through  an  adjustable 
resistance  R  to  the  \dbrator  5,  which  was  calibrated  before  and 
after  these  tests. 

For  small  variations  in  the  resistance  of  the  secondary  circuit, 
the  angle  of  phase  displacement  and  the  percentage  reduction  in 
the  multiplier  are  approximately  proportional  to  the  secondary 
resistance.  The  additional  resistance  jR,  which  was  varied  from 
zero  to  three  ohms,  was  inserted  for  the  purpose  of  increasing  the 
angle  of  phase  displacement,  thus  permitting  of  its  more  accurate 
determination  from  the  films.  Figs.  10  (film  200)  and  11 
(film  201)  are  characteristic  films  obtained  in  this  manner.  By 
scaling  the  films,  it  is  found  that  the  transformer  with  an  81- 
tum  secondary  has  a  ratio  of  transformation  3.2  per  cent  less 
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mining  the  order  of  magnitude  of  this  cvirrent,  assume  the  pri- 
mary is  wound  evenly  in  layers,  each  layer  starting  from  the  same 
side  of  the  spool.  With  a  wall  thickness  of  0.008  mm.  of  enamel 
insulation  surrounding  each  wire,  the  estimated  capacity  be- 
tween adjacent  layers  is  less  than  8  X  10"^  farads,  or  the  capacity 
reactance  to  60  cycles  is  340,000  ohms.  With  0.0005  ampere  in 
the  primary  the  voltage  between  layers  is  0.13  volt  and  the  dis- 
placement current  between  layers  will  be  4  X  10~'  ampere  or  0.08 
per  cent  of  load  current. 

The  first  two  transformers  constructed  were  wound  with 
40,000-txuTi  (5  miles  of  wire)  primar\' coils  of  0.08-mm.  enameled 
wire.  For  these  transformers  the  displacement  current  between 
layers,  computed  under  the  assimiption  of  uniform  layers,  was 
0.2  per  cent  of  the  load  current.  This  seemed  low  enough, 
and  accordingly  the  transformers  were  wound  with  no  addi- 
tional insulation  between  layers.  As  noted  in  the  introduction, 
these  transformers  were  designed  for  a  ratio  of  approximately 
100,  but  on  test  developed  a  ratio  of  only  89:  moreover,  higher 
harmonics  were  not  faithfully  reproduced  in  the  secondary. 
For  some  time  the  cause  of  this  discrepancy  between  computed 
performance  and  performance  on  test  could  not  be  discovered. 
Finally,  in  unwinding  one  of  the  transformers  the  observation 
was  made  that  the  «th  turn  was  not  always  adjacent  to  the 
(m— 200th)  and  («+200th)  in  the  preceding  and  following 
layers, — as  would  be  the  case  with  uniform  layers,  and  as  as- 
sumed in  the  computations, — but  occasionally  came  in  contact 
with  tiuTis  farther  removed  from  it,  as  the  {n  it  900th)  or  the 
(w  it  1400th).     The  explanation  of  this  is  as  follows: 

In  winding  a  fine  wire  the  turns  have  a  decided  tendency  to 
override  and  **  pile  up  "  several  turns  deep  at  some  parts  of 
the  layer,  and  to  run  ahead  of  the  correct  position  at  other 
parts.  Where  the  wire  rtms  ahead  of  its  correct  position,  a 
portion  of  the  lower  layer  is  left  uncovered,  with  the  result  that 
turns  in  the  neighborhood  of  the  («  db  900th)  or  in  zh  1400th) 
turn  may  come  in  contact  \^^th  these  uncovered  portions  of 
the  lower  layers.  The  difficulty  of  winding  in  absolutely  uni- 
form layers  is  so  great  that  the  wire  was  allowed  to  pile  up  and 
run  ahead  in  this  manner.  After  observing  this  condition 
of  the  winding  it  became  e\'ident  that  the  loss  in  priniar\* 
ampere-ttims  might  be  far  higher  than  the  0.2  per  cent  computed 
for  imiform  layers;  this  loss  in  ampere -ttims  wotdd  be  due  to  the 
**  bridging  ''  of  sections  of  the  winding  at  considerable  difference 
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of  potential  by  the  capacity  between  the  turns  in  contact.  The 
displacement  current  between  these  sections  in  contact  would 
be  shunted  from  the  portion  of  the  winding  between  the  turns. 

The  use  of  paper  insulation  between  layers  is  a  remedy  which 
immediately  presents  itself.  A  layer  of  paper  between  each  two 
layers  of  wire  would  result  in  a  primary  coil  with  a  much  larger 
mean  diameter.  This  in  turn  means  a  very  appreciable  and 
objectionable  increase  in  the  leakage  reactance. 

The  primary  of  the  transformer  described  in  this  paper  was 
accordingly  wound  in  sections  of  about  600  turns  each,  with 
paper  insulation  between  the  sections  only.  Each  section  was 
the  full  width  of  the  coil  and  on  the  average  three  turns  deep. 
The  winding  of  a  section  started  at  one  face  of  the  spool,  ad- 
vanced toward  the  other  face,  the  turns  piling  up  two  to  four 
deep  all  along,  and  terminated  when  the  other  face  of  the  spool 
was  reached.  A  single  thickness  of  0.04-mm.  tissue  paper  was 
wrapped  around  the  completed  section,  and  the  next  section 
was  wound  on  this  paper,  and  so  on.  Wound  in  this  manner, 
there  is  no  possibility  of  the  «th  turn  coming  in  direct  contact  with 
a  turn  any  farther  removed  from  it  than  the  («  db  50th).  By 
winding  and  insulating  the  transformer  in  the  manner  described, 
it  is  estimated  that  the  integrated  effect  of  the  60-cycle  current 
shunted  from  the  primary  winding  has  been  reduced  to  less 
than  0.02  per  cent,  of  the  total  primary  ampere-turns. 

The  importance  of  reducing  the  shunting  effect  of  capacity 
between  layers  to  this  low  value  at  60  cycles,  is  realized  when 
considering  the  magnitude  of  the  effect  for  the  higher  har- 
monics, for  example,  the  fifteenth.  The  capacity  reactance 
between  turns,  layers  and  sections  to  the  15th  harmonic  is 
1/15  of  the  reactance  to  60  cycles;  the  impedance  to  the  pass- 
age through  the  windings  of  the  15th  harmonic  in  the  current 
is  approximately  five  times  the  impedance  to  60  cycles;  therefore, 
the  percentage  of  the  15th  harmonic  shunted  from  the  wind- 
ings will  be  75  times  the  percentage  of  the  fundamental  shunted. 

If,  then,  less  than  0.02  per  cent  of  the  60-cycle  current  is 
shunted  from  the  windings,  the  percentage  of  the  15th  harmonic 
will  be  less  than  1.5  per  cent.  The  conclusion  is  that  the  in- 
fluence of  displacement  currents  within  the  primary  winding 
may  be  neglected  for  the  fundamental  and  any  harmonic  not 
higher  than  the  15th. 

To  check  the  preceding  conclusions  relating  to  higher  har- 
monics  in   the   current   wave   form,   an   oscillogram.    Fig.    14, 
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(film  194)  was  taken  with  the  connections  shown  in  Fig.  15. 
In  Fig.  15,  -B  is  a  Leyden  jar  condenser  having  about  100  times 
the  capacity  of  the  condenser  C,  which  consists  of  two  con- 
centric cylinders  separated  by  air, — ^a  steel  wire  0.059  cm.  in 
diameter  in  a  518-cm.  length  of  pipe  of  20.6  cm.  diameter. 
Both  condensers  in  parallel  were  connected  across  a  high-ten- 
sion transformer  generating  9.6  kv.  The  charging  current  of 
the  Leyden  jars  B  was  sent  through  the  vibrator  P  and  the 
charging  current  of  the  cylinder  condenser  C  was  sent  through 
the  primary  of  the  current  transformer,  the  secondary  being 
connected  to  the  vibrator  5.  The  vibrator  E  shows  the  poten- 
tial wave  form  across  the  primary  of  the  transformer.  The 
charging  current  of  the  two  condensers  B  and  C  should  have 
the  same  wave  form,  and  any  appreciable  errors  introduced 
by  the  transformer  should  cause  an  appreciable  difference  in 
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Fig.   15— Connections  to  Show  the   Reproduction  of  Harmonics 


the  shape  of  the  current  wave  forms  P  and  S,  An  examination 
of  the  oscillogram  shows  that  the  harmonics  in  the  primary  of 
the  transformer  are  very  faithfully  reproduced  in  the  secondary. 

V.  Applications 

The  transformer  extends  the  field  of  usefulness  of  the  os- 
cillograph by  increasing  a  hundred  fold  its  current  sensi- 
bility. This  makes  it  possible  to  use  the  oscillograph  in 
fields  from  which  it  has  hitherto  been  barred  by  reason  of 
the  minuteness  of  the  currents  to  be  studied.  In  this  connec- 
tion, however,  it  should  be  recalled  that  a  current  transformer 
cannot  increase  the  watt  sensibility  of  the  oscillograph,  and  that 
the  actual  watt  sensibility  of  the  combined  current  transformer 
and  oscillograph  is  thirty  per  cent  of  the  watt  sensibility  of 
the    oscillograph     alone.     Consequently,    the    current    trans- 
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former  can  only  be  used  where  the  current  to  be  investigated 
flows  under  a  voltage  high  as  compared  with  the  voltage  con- 
sumed in  the  transformer.  This  voltage  is  of  the  order  of  ten 
volts  for  0.0005  ampere.  Figures  17  to  30  are  oscillograms 
intended  to  show  some  of  the  applications  of  the  combined 
current  transformer  and  oscillograph. 

Application  to  Corona  Studies.  The  oscillograms,  Fig.  17 
to  Fig.  21,  (film  177  to  181),  taken  with  the  connections  shown 
in  Fig.  2,  show  the  effect  of  corona  formation  on  the  charging 
current  of  a  wire.  The  metal  cylinder  of  Fig.  2  was  an  8-in. 
(20.6-cm.)  iron  pipe  17  ft.  (518  cm.)  long,  in  the  center  of  which 
was  stretched  a  polished  copper  wire  having  a  diameter  of  0.227 
cm.     Corona  is  visible  around  this  wire  at  18.7  kv. 

Fig.  17  (film  177)  was  taken  at  17.8  kv. — below  the  voltage 
at  which  corona  is  visible. 
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Figs.  18  and  19  (films  178  and  179),  were  taken  above  the 
corona  voltage  at  the  voltages  indicated  on  the  films.  They 
show:  (a)  the  point  on  the  e.m.f.  wave  form  at  which  copious 
ionization  sets  in,  (b)  the  duration  of  the  period  of  ionization, 
(c)  the  asymmetrical  nature  of  the  process  of  breakdown.  In 
all  these  films  a  positive  current  is  a  current  from  the  pipe  to 
the  wire,  or  the  wire  is  cathode  for  positive  deflections. 

The  three  films  above  referred  to  were  taken  with  a  com- 
bination of  inductance  and  capacity  in  the  circuit  adjusted  to 
"  weed  out  "  all  harmonics  from  the  generator  wave  form. 
The  next  two  oscillograms,  Figs.  20  and  21  (films  180  and  181), 
were  taken  with  the  same  wire  but  without  '*  weeding  out  '* 
the  harmonics  from  the  impressed  voltage. 

To  show  more  clearly  the  characteristics  of  the  current  which 
flows  when  corona  forms,  the  connections  shown  in  Fig.  16 
may  be  used.     In  Fig.  16,  the  charging  current  from  a  con- 
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denser  B,  connected  between  wire  and  ground,  is  sent  through 
one  of  the  secondary  coils  of  the  current  transformer  in  such  a 
direction  as  to  oppose  the  magnetomotive  force  of  the  primary 
current. 

The  capacity  of  the  condenser  B  is  adjusted  so  that  its  charg- 
ing current  neutralizes  the  charging  ciurent  between  wore  and 
pipe  for  all  voltages  below  the  formation  of  corona.  When 
corona  forms,  the  two  currents  no  longer  balance,  and  the  de- 
flection of  the  ciurent  vibrator  shows  the  current  which  is  super- 
imposed on  the  charging  current  as  the  result  of  the  ionization. 
Figs.  22  and  23  (films  188  and  189),  were  taken  with  Fig.  16 
connections,  with  a  0.059-cm.  steel  wire  in  the  8-in.  pipe. 

The  asymmetrical  natiu'e  of  the  current  is  more  striking  at 
low  gas  pressures  than  at  atmospheric  pressiu'e.     This  is  in- 
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dicated  in  Fig.  24,  (film  224),  an  oscillogram  obtained  with 
a  0.102-cm.  phosphor-bronze  wire  in  the  8-in.  pipe  of  Fig.  2. 

This  oscillogram  was  obtained  with  the  pipe  closed  at  the  ends 
and  exhausted  to  a  pressure  of  0.5  cm.  of  mercury. 

Application  to  Insulator  Investigations.  The  current  trans- 
former may  be  used  to  determine  the  charging  and  leakage 
currents  of  high-tension  insulators  and  the  ohmic  resistance  of 
wooden  pins  at  high  voltages. 

With  the  connections  shown  in  Fig.  1  the  oscillograms  in  Figs. 
25  to  29  were  taken  on  a  10-in.  (25.4-cm.)  suspension  insulator. 

Figs.  25  and  26  (films  301  and  305)  were  taken  at  18.2  kv., 
with  the  insulator  dry  and  under  spray,  respectively.  The 
spray  was  directed  downward  at  an  angle  of  45  deg.  from  the 
vertical;  the  rate  of  precipitation  was  0.6  in.  (1.5  cm.)  per 
minute.  The  60-cycle  charging  current  of  the  dry  insulator 
at  the  rated  voltage,  eight  kv.,  is  2.16  X  10~*  (r.  m.  s.)  amperes, 
indicating  a  capacity  of  3.14   X   10"""    farads.     Under   spray, 
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Fig.  26,  the  current  leads  the  potential  by  only  70  deg.,  or  the 
resistance  of  the  insulator  drops  to  180  megohms. 

Figs.  27  and  28  (films  304  and  308)  show  the  charging 
current  at  a  voltage  high  enough  to  cause  streamers  over  a  part 
of  the  insulator  surface.  The  oscillograms  were  taken  with 
the  insulator  dry  at  38  kv.  and  under  spray  at  31.6  kv.,  respec- 
tively. For  positive  currents  the  insulator  pin  is  cathode  and 
the  metal  cap  is  anode. 

Fig.  29  (film  307)  is  an  oscillogram  taken  on  a  10-in.  (25.4-cm.) 
suspension  insulator  under  spray,  with  the  axis  of  the  insulator 
horizontal.     The  insulator  resistance  is  only  seven  megohms. 

Application  to  the  Study  of  Conduction  in  Gases,  The  trans- 
former may  be  used  to  determine  the  wave  form  of  the  minute 
leakage  currents  between  electrodes  in  gases  at  low  pressures. 

Fig.  30  (film  254)  shows  the  wave  form  of  the  current  through 
the  gas  between  an  incandescent  carbon  filament  and  a  copper 
plate  mounted  in  the  evacuated  bulb  of  an  incandescent  lamp. 

The  filament  was  a  55-volt  16-c.p.  filament,  operated  at 
57  volts  on  direct  current.  A  60-cycle  alternating  voltage  of 
83  r.m.s.  volts  was  impressed  between  the  copper  plate  and 
one  terminal  of  the  filament;  the  connections  are  as  shown 
in  Fig.  31.  In  interpreting  this  oscillogram,  it  should  be  re- 
called that  the  average  value  of  the  current  delivered  by  the 
secondary  of  the  current  transformer  will  be  zero,  irrespective 
of  the  wave  form  of  the  primary  current.  The  negative  branch 
of  the  cturent  wave  does  not  mean  that  the  primary  current 
flows  from  the  incandescent  filament  anode  to  the  copper  plate 
cathode.  The  primary  current  is  unidirectional  and  only  flows 
during  the  half-cycle  in  which  the  filament  is  cathode.  No 
appreciable  current  flows  when  the  cold  copper  plate  is  negative 
to  the  filament;  the  current  shown  by  the  oscillogram  during 
this  half -cycle  is  only  an  apparent  current;  it  is  due  to  the  shift 
of  the  secondary  current  wave  form  with  reference  to  the  primary 
current  wave.  Both  wave  forms  are  similar,  but  the  primary 
is  unidirectional,  while  the  average  of  the  secondary  must  equal 
zero. 
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Discussion  on  **  A  Milliampere  Current  Transformer  *' 
(Bennett),  Washington,  D.  C,  April  25,  1914. 

J.  B.  Whitehead  (by  letter):  In  conjunction  with  Professor 
Bennett's  paper*  last  year  at  Cooperstown,  the  present  paper 
completes  a  description  of  the  equipment  with  which  he  has 
obtained  his  interesting  and  valuable  results  on  the  corona. 
The  transformer  which  he  describes,  by  offering  a  means  for 
measuring  the  corona  current,  should  open  up  a  wide  field  of 
investigation.  The  possibility,  as  demonstrated  by  Professor 
Bennett,  of  neutralizing  the  charging  ctirrent  is  especially 
valuable. 

One  or  two  questions  suggest  themselves: 

As  the  scale  of  the  diagram  for  Fig.  5  is  evidently  not  the 
same  for  all  vectors,  I  have  not  been  able  to  understand  the 
statements  at  the  top  of  the  following  page. 

The  statement  is  made  on  the  next  page  thereafter,  imder 
the  heading  "Phase  Displacement  and  Ratio  of  Transformation," 
that  the  phase  displacement  and  percentage  reduction  in  the 
multiplier  are  proportional  to  the  secondary  resistance.  I 
shall  be  glad  to  have  further  elucidation  here. 

Referring  to  Fig.  15,  since  prestmiably  all  the  vibrators  were 
in  one  oscillograph,  the  question  of  potential  difference  arises, 
imless  each  vibrator  was  groimded. 

J.  R.  Craighead  (by  letter) :  The  specific  features  of  design 
of  a  current  transformer  should  be  determined  by  the  uses  to 
which  it  is  to  be  put.  In  Mr.  Bennett's  transformer,  the 
primary  winding  is  made  of  wire  several  times  larger  than  would 
be  needed  on  a  heating  basis,  in  order  to  keep  the  total  impe- 
dance low.  More  accurate  transformation  of  the  current  can 
be  secured  by  using  much  smaller  primary  wire,  thus  increas- 
ing the  ampere-turns  or  diminishing  the  mean  length  of  mag- 
netic circuit.  This  will  be  accompanied  by  an  increase  in  the 
impedance  and  PR  losses  of  the  transformer  which  would  be 
objectionable  only  for  circuits  of  comparatively  low  voltage. 

It  should  be  emphasized  that  the  current  transformer  is 
accurate  only  when  carrying  a  true  alternating  current.  When 
supplied  with  a  current  containing  a  direct-current  component, 
it  operates  in  a  different  range  of  flux  density  because  of  the 
constant  magnetizing  effect  of  the  direct  current,  and  the 
errors  are  largely  increased.  If  a  current  transformer  imder 
normal  conditions  has  from  2  to  5  per  cent  exdting  ciurent, 
the  presence  of  a  50  per  cent  direct-current  component  there- 
fore may  readily  give  a  direct  magnetomotive  force  from  7  to 
17  times  as  great  as  the  maximimi  under  operating  conditions. 
Calculations  of  errors  with  alternating  current  ^one  cannot 
therefore  be  relied  on  to  determine  accuracy  with  pulsating 

♦  "An  OsciUograph  Study  of  Corona",  Trans.  A.I.E.E.,  Vol.  XXXII, 
1913,  p.  1787. 
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currents.  The  alternating  components  of  transients  and 
rectified  or  partially  rectified  ctirrents  will  not  be  accurately 
shown. 

The  alternative  is  the  use  of  vibrators  of  higher  current 
sensitivity.  These  are  available  of  about  10  times  the  sen- 
sitivity of  the  standard  vibrator,  and  constime  about  the  same 
energy.  This  will  cover  satisfactorily  many  cases  where  the 
transformer  would  give  inaccurate  results,  but  will  not  reach 
to  the  extremely  low  values  covered  by  the  transformer. 

Edward  Bennett  (by  letter):  With  reference  to  the  ques- 
tions raised  by  Dr.  Whitehead:  In  the  vector  diagram  of 
Fig.  5  the  exciting  current  /« and  its  components  /«,  and  /»  are 
drawn  to  ten  times  the  scale  of  the  primary  and  secondary  ciu*- 
rents.  The  voltage  which  must  be  generated  by  the  magnetic 
liux  in  the  iron,  in  order  to  set  up  the  full  load  current 
through  the  secondary  winding,  will  be  directly  proportional 
Capproximately)  to  the  total  secondary  resistance,  since  the 
reactance  is  negligible.  The  exciting  current  necessary  in 
the  primary  to  set  up  with  magnetic  flux  will  be  approxi- 
mately proportional  to  the  flux  and  since  the  flux  is  propor- 
tional to  the  secondary  resistance,  therefore  the  exciting  ctirrent 
^will  be  directly  proportional  (approximately)  to  the  total 
secondary  resistance.  An  inspection  of  the  diagram  will  show 
that  the  exciting  cturent  will  remain  less  than  5  per  cent  of 
"the  neutralizing  current  /«  for  a  reasonable  variation  in  the 
secondar\'  resistance.  Under  these  conditions  a  study  of  the 
diagram  will  show  that  since  the  exciting  current  is  directly 
proportional  to  the  total  secondary  resistance,  therefore  **  for 
small  variations  in  the  resistance  of  the  secondary  circuit, 
the  angle  of  phase  displacement  and  the  percentage  reduction 
in  the  multiplier  will  be  approximately  proportional  to  the 
secondary  resistance." 

In  Fig.  15  the  terminal  of  vibrator  P  is  grounded  and  the 
vibrator  S  is  ungrounded.  One  terminal  of  the  primary  of 
t;he  current  transformer  to  which  the  vibrator  S  is  connected 
is  grounded  and  the  average  potential  of  the  primary  from 
ground  is  less  than  6  volts,  therefore  the  potential  of  the  vibrator 
*S  will  probably  differ  from  ground  potential  by  less  than  2  volts. 

Mr.  Craighead's  comments  apply  more  particularly  to  the 
characteristics  of  instrument  transformers  in  which  flux  den- 
sities from  500  to  2000  lines  per  square  centimeter  are  in  use. 
In  the  milliampere  current  transformer,  in  which  the  maximum 
flux  density  is  only  36  lines  per  square  centimeter,  we  encounter 
features  of  design  that  are  entirely  negligible  in  the  commercial 
transformer.  For  example,  very  little  improvement  indeed  can 
be  made  in  the  characteristics  of  the  milliampere  transformer 
by  increasing  the  number  of  turns  in  the  winding: 

First:  Because  the  permeability  decreases  rapidly  for  flux 
densities  below  50  lines  per  square  centimeter,  so  that  very 
little  is  to  be  gained  by  using  a  lower  flux  density. 
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Second:  Because  an  increase  in  the  number  of  turns  will 
increase  to  such  an  extent  the  component  of  the  current  which 
gets  through  the  primary  as  displacement  current  from  layer 
to  layer,  that  high  harmonics  in  the  primary  will  not  be  faith- 
fully reproduced. 

Third:  A  material  increase  in  the  number  of  turns  cannot 
be  made  without  increasing  either  the  length  of  the  magnetic 
circuit  or  the  resistance  of  the  secondary. 

Again,  it  would  seem  that  the  caution  with  reference  to  the 
use  of  the  current  transformer  with  pulsating  currents  can 
hardly  be  taken  to  imply  that  the  oscillograms  showing  the 
presence  of  a  large  unidirectional  component  are  appreciably 
in  error.  Even  if  the  unidirectional  component  of  the  primary 
ciurent  exerted  a  magnetomotive  force  17  times  the  exciting 
m.m.f.,  this  would  only  lead  to  a  unidirectional  flux  of  17 
times  36,  or  612  per  square  centimeter,  on  which  w^ould  be 
superimposed  a  cyclic  change  of  =t  36  lines  per  square  centimeter. 
Under  these  conditions  the  wave  form  of  the  pulsating  current 
would  be  faithfully  reproduced  in  the  secondary.  As  pointed 
out,  however,  in  the  paper,  the  wave  form  of  the  secondary 
current  will,  under  these  conditions,  be  so  displaced  with  refer- 
ence to  the  zero  line  as  to  make  the  average  value  of  the  second- 
ary current  zero. 


PrestnUd  at  the  294/iit  meeting  of  the  American 
Institute  of  Electrical  Engineers,  Washington, 
D.C.,  April  25.  1914.  under  the  auspices  of  the 
Electro  physics  Committee. 

Copyright  1914.     By  A.  I.  E.  E. 


THEORY  OF  THE  CORONA 


BY     BERGEN     DAVIS 


Abstract  of  Paper 

The  theory  of  the  corona  developed  in  this  paper  explains  the 
coronal  discharge  b>r  the  application  of  the  known  laws  of  the 
discharge  of  electricity  through  gases. 

The  experiments  of  Dr.  Whitehead  and  Mr.  F.  W.  Peek  and 
others  have  shown  that  the  surface  gradient  Xs  at  the  surface 
of  a  smooth  wire  necessary  to  start  the  corona  increases  very 
greatly  as/  the  radius  of  the  wire  decreases.  As  an  illustration 
of  this  increase  it  is  found  that  the  coronal  gradient  Xs  at  the 
surface  of  a  wire  of  0.5  cm.  radius  is  46,000  volts  per  cm.,  while  a 
gradient  of  97,000  volts  per  cm.  is  required  for  a  wire  of  0.02  cm. 
radius.  The  phenomenon  is  due  to  ionization  by  impact.  The 
ions  fio  move  in  toward  the  wire  from  the  place  at  which  they 
cross  a  region  where  the  gradient  is  X^  =  26,600  volts  per  cm.  up 
to  the  wire.  They  produce  other  ions,  and  n  ions  arrive  at  the 
wire.  The  condition  for  the  corona  is  that  n  shall  be  a  constant. 
If  CK  =  the  number  of  ions  that  one  ion  produces  in  a  cm.,  then 


6 

a  dx 

n  =  hq  e  o 


/ 


The  Of  is  a  function  of  X  at  every  point.  This  function  is  express- 
ed in  terms  of  x.  It  is  introduced  into  the  above  equation,  and 
on  integration  the  equation  for  the  corona  is  obtained.  The 
equation  also  contains  a  term  for  the  density  of  the  air.  The 
equation  thus  takes  account  of  changes  of  pressure  such  as  al- 
titude and  temperature  effects.  The  equation  when  plotted  in 
a  curve  for  the  variation  of  Xs  with  the  radius  of  the  wire,  agrees 
with  the  experimental  results  of  Whitehead  and  Peek  with  as 
great  accuracy  as  the  experimental  results  would  warrant. 

THE  ATTENTION  of  the  writer  was  first  called  to  the  cor- 
onal discharge  from  high-tension  transmission  lines  by  a 
paper  presented  to  the  American  Institute  of  Electrical  Engineers 
in  1911  by  Prof.  H.  J.  Ryan^  This  discharge  is  a  very  inter- 
esting one  from  the  point  of  view  of  the  discharge  of  electricity 
through  gases.  The  phenomena  have  been  quite  fully  investi- 
gated and  described  by  Dr.  J.  B.  Whitehead,  F.  W.  Peek  and 
others. 

When  either  a  direct  or  an  alternating  high  potential  is  ap- 
plied to  a  smooth  cylindrical  conductor,  there  is  at  the  surface  of 
the  wire  a  very  high  gradient  of  potential  or  electrical  intensity. 

1.  Trans.  A.  I.  E.  E.,  Vol.  XXX.,  1911,  p.  1. 
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When  this  electrical  intensity  becomes  great  enough,  the  sur- 
rounding dielectric,  in  this  case  air,  breaks  down  and  a  faint  glow 
appears,  and,  as  has  been  shown  by  Dr.  Whitehead,  the  air 
becomes  ionized.  If  the  electrical  intensity  is  still  further  in- 
creased, the  ionization  and  Itmiinosity  increase  also,  and  there  is 
considerable  loss  of  energy  from  the  wire. 

There  are  interesting  relations  between  the  surface  gradients 
necessary  to  produce  the  corona  and  the  radius  of  the  wire.  As 
the  radius  decreases,  the  electrical  intensity  increases  very  much, 
as  is  shown  by  the  curves  in  Figs.  3  and  4.  In  a  discussion  of  this 
effect  Dr.  Steinmetz  has  suggested  that  there  is  a  skin  effect 
at  the  surface  of  a  conductor;  that  the  dielectric  strength  of  air 
is  altered  by  contact  with  a  curved  metal  surface.  It  appeared 
to  the  writer  that  this  could  not  be  the  case,  but  rather  that  this 
phenomenon  should  be  capable  of  explanation  by  the  known  laws 
of  the  discharge  of  electricity  through  gases.  The  following 
development  of  a  theory  of  this  effect  appears  to  show  that  it  is 
really  a  case  of  ionization  by  impact. 

The  theory  of  ionization  by  impact  has  been  developed  by 
Prof.  J.  S.  Townsend.  He  has  established  by  experiments,  that 
if  a  is  the  niunber  of  new  ions  produced  in  a  gas  by  one  ion  in 
going  one  centimeter  when  driven  by  an  electrical  intensity  X, 
and  p  is  the  pressure  of  the  gas,  the  following  functional  relation 
holds  between  a,  x  and  />,  for  all  values  of  a,  x  and  p  whatsoever: 


-  '{■¥)  »> 


When  ionization  by  impact  takes  place  in  a  gas,  the  density 
of  ionization  is  enormously  increased,  as  is  shown  by  the  following 
considerations.  Let  Wo  be  the  number  of  free  negative  ions 
crossing  a  tmit  of  area  of  surface  in  a  gas  in  unit  time,  under  an 
electrical  intensity  X.  Let  a  be  the  number  of  ions  produced  by 
one  negative  ion  in  going  one  centimeter. 

If  the  ion  moves  a  distance  dx^  the  number  produced  will  be 
a  dx,  and  if  there  are  N  such  ions  crossing  any  plane,  the  number 
crossing  a  plane  dx  distant  will  be  dN  =  a  Ndx.  On  integrating 
this  between  no  crossing  plane  of  start  of  the  action,  and  n,  the 
number  crossing  a  plane  at  distance  d,  we  have: 

d 
fa  dm 

n  0 
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If  the  electrical  intensity  is  iiniform  between  a  and  d,  a  is 
independent  of  x  and  the  equation  becomes 


n 


Ho 


=  e«  ^,  which  is  that  used  by  Prof.  Townsend. 


y 

^Q 


Fig.  1 


The  conditions  about  a  cylindrical  conductor  may  be  de- 
scribed by  use  of  the  cross-section  of  such  conductor  represented 

by  Fig.  1. 

The  shaded  portion  c  represents  the 
conductor,  whose  radius  is  a.  The 
electrical  intensity  at  the  surface  of 
this  conductor  is  X„  and  X  represents 
the  electrical  intensity  at  any  point 
distant  x  from  the  center  of  the  con- 
ductor. 

The  cylindrical  surface   Q,   whose 

radius   is   b,   represents   the  surface 

where  the  electrical  intensity  has  the 

constant   value  Xq.     This  electrical 

intensity  Xq  is  the  least  gradient  of  potential  at  which  ioniza- 
tion by  impact  can  occur.     Ionization  by  impact  and  the  coronal 

discharge  itself  can  only  take    place    between    the  surface  Q 

and  the  wire,  in  which  region  the  electrical  intensity  is  greater 

than  Xq. 

Let  E  represent  the  potential  difference  between  the  wire  and 
the  ground  or  some  other  distant  conductor,  and  let  the  distance 
of  this  other  conductor  or  ground  be  R, 

The  electrical  intensity  at  x  is 

E 

'\       R 


At  surface  it  is 


X  = 


At  surface  Q  it  is 


*i"K  - 

a 

X, 

= 

E 

a  log- 

R 
a 

Xu 

= 

E 

blog- 

R 

a 


From  the  above  we  obtain 


b  b 

X    =»   Xo  1  QXidXs  =  Xn — . 

X  a 


(3) 
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The  physical  process  involved  in  the  establishment  of  the  dis- 
charge may  be  traced  in  the  following  way:  The  conductor  is 
subject  to  an  alternating  potential.  Let  the  maximum  value  of 
this  at  crest  of  the  wave  be  just  sufficient  to  produce  the  corona. 
There  are  a  certain  number  of  ions,  Nq,  in  the  region  around  the 
wire.  Only  negative  ions  ionize  by  impact  at  ordinary  pressures. 
Suppose  the  wire  to  be  at  the  positive  phase,  the  iVo  ions  move 
inward  and  when  they  cross  the  surface  Xo  they  begin  to  ionize 
by  impact.  They  produce  N\  ions  which  approach  the  wire. 
Here  some  of  the  Ni  ions  disappear-' (current  loss).  On  the  next 
phase,  the  wire  is  negative,  these  ions  move  outward  from  the 
wire.  Some  of  them  disappear  by  recombination,  but  there  are 
iVoi  left,  and  iVoi  is  much  greater  than  the  original  Nq.  These 
No\  ions  move  inward  on  the  succeeding  positive  phase.  They 
produce  Nt  ions,  which  on  the  next  half  phase  decrease  to  iVo2 
ions,  and  thus  the  process  goes  on  until,  after  a  number  of  cycles, 
the  density  of  ionization  about  the  wire  at  crest  of  positive  phase 
is  n.  The  no  in  the  theory  here  proposed  is  the  number  of  ions 
crossing  the  surface  Xo  on  the  phase  at  which  the  discharge 
appears. 

Now  let  «o  be  the  number  crossing  the  surface  where  the 
intensity  is  Xo,  and  let  n  be  the  number  which  reach  the  surface 
of  the  wire,  and  assume  also  that  the  visible  discharge  appears 
when  n  reaches  a  fixed  constant  value. 

From  equation  (2) , 

6 

n  /  -  "*  (4) 

Wo 

The  density  of  ionization  at  surface  of  conductor  will  increase 
somewhat,  without  ionization  by  impact,  as  the  Nq  ions  move 
inward.  This  increase  will  be  proportional  to  the  ratio  of  the 
radius  of  surface  Q  to  that  of  the  conductor. 

We  may  now  write 

6 

\  Wo       h) 

One  may  assume  that  the  discharge  will  appear  when  the 
ionization  per  unit  area  at  the  surface  reaches  a  certain  constant 
value  n. 

An  inspection  of  Fig.  1  will  also  show  that  the  number  of   no 
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• 

ions,  crossing  surface  Q  per  unit  area,  varies  inversely  asb;  con- 
sequently, we  may  approximately  assume  that  the  whole  term 
on  the  left  is  a  constant  for  first  appearance  of  discharge. 


Constant  =  I — t-i  = 

V  no        b  / 


y.d,  (6) 


The  number  of  new  ions  a  that  one  ion  produces  in  going  one 
centimeter  is  a  function  of  X,  by  equation  (1),  and  X  is  a  function 
of  X  by  equation  (3),  so  that  a  is  a  function  of  x.  It 
is  necessary  to  express  this  function  in  order  to  perform  the 
integration  indicated  in  the  right-hand  member  of  equation  (6). 

The  number  of  ionizing  impacts  per  cm.  indicated  by  a.  in  the 
right-hand  member  of  (6)  depends  upon  the  value  of  the  electrical 
intensity  X,  which  in  turn  depends  on  the  distance  x  from  center 
of  conductor  (see  Fig.  1).  Consequently,  a  will  depend  upon  of . 
Also,  a  depends  upon  the  pressure  of  the  air. 

Since  we  find  that  a  is  a  function  of  x  and  />,  it  is  necessary  to 
express  the  form  of  this  functional  relation. 

A  few  years  ago,  the  writer*  developed  a  theory  of  ionization 
by  impact,  by  means  of  which  the  form  of  the  function 


^  ~  /  (~T  "  )  »  ^^y  ^^  expressed. 


The  complete  development  of  this  function  cannot  be  given 
here,  but  the  reader  is  referred  to  the  original  paper. 
The  expression  there  obtained  for  a  is 


^ 


«/=,"'   +  -yEi(-.-A.)  (7) 


where  X©  is  the  least  ionizing  path  of  an  ion  when  driven  by  a 
field  Xy  and  /  is  the  mean  free  path  of  the  negative  ion  at  the 
pressure  considered.  The  least  possible  difference  of  potential 
through  which  an  ion  must  freely  run  to  produce  ionization  is 
r  =  X  Xq.  The  quantity  X  Xo  should  be  a  constant  for  any  gas, 
independent  of  the  pressure  and  independent  of  the  electrical 
intensity. 

2.  Physical  Review,  Jan.  1907,  also  Annalen  der  Physik,  Band  42,  1913. 
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Recent  experiments  by  Bishop*  show  this  to  be  the  case,  and 
the  value  he  finds  for  v  in  case  of  air  is  t;  =  10 . 2  volts. 

Equation  (7)  very  easily  transforms  into  the  following  ex- 
pression: 


(8) 


where  v  =  XXo,  p  is  the  pressure  of  the  air  in  cm.  6f  mercury, 
and  L  is  the  mean  free  path  of  an  ion  at  normal  pressure. 
The  above  equation  expresses  the  form  of  the  function 

If  the  value  of  a  from  this  expression  is  introduced  into  equation 
(6),  and  likewise  the  values  of  X  in  terms  of  x  are  introduced  from 
(8),  we  will  have  a  complete  expression  for  the  appearance  of  the 
corona,  at  any  pressure  and  for  any  size  of  conductor.  However, 
equation  (8)  is  not  directly  integrable  for  x.  It  contains  the 
exponential  integral 

which  is  a  series,  every  term  of  which  would  need  to  be  separately 
integrated,  for  every  case.  This  equation  is  consequently 
unworkable. 

An  integral  equation  which  is  a  close  approximation  to  (8)  must 
be  found.  Equation  (9)  is  such  an  expression.  Its  departures 
do  not  introduce  any  considerable  errors,  particularly  for  values 

of   less  than  900. 

P 


The  approximate  equation  is 


^=4  +B 


(-f-^^^y 


(9) 


If  the  constants  A  and  B  are  given  the  values  0.05  and 
0.0000115  respectively,  a  good  agreement  of  (9)  and  (8)  is 
obtained,  as  shown  by  the  curves  in  Fig.  2. 

3.  Physical  Review ,  Nov.  1911. 
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By  setting  Xt  =  Z50  p  =  26,600  volts  per  cm.,  equation 
(9)  becomes ' 

a  =  Ap  +  B^(x-X,y 

Also,  from  equation  (3),  the  above  becomes 


T  JJOJX                       : 

.±  ytxtt.  ..                  y 

o-U     ^^if'Mi:  If.,  £  'tj 

1     •     1     1     1     ,'                              1 

'                                                   T 

t 

J 

z 

a                                                       ^ 

2 

i        ,-' 

"    itX.  --   ,^' 

It  is  to  be  noted  that  X<,  is  the  electrical  intensity  at  points 
indicated  by  the  dotted  circle  Q  in  Fig,  1.  It  is  the  least  gra- 
dient at  which  ionization  by  impact  can  occur.     Also  X^  depends 


pendent  of  the  pressure.     It  has  the  numerical  value  (350)* 
=  122,500  volts  per  cm. 
Equation  (10)  becomes 


a  =  Ap  +5C/>(-^  -l)' 


(11) 
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This  expression  for  a  is  introduced  into  equation  (6) 

a  a  a 

The  limits  of  integration  are  a  and  &,  since  the  ionization  takes 
place  as  the  ions  move  inward  from  the  surface  of  radius  b  to  the 
surface  of  the  wire  of  radius  a. 

Performing  the  indicated  integration, 

adx  ^A  p(b-a)  +  B  Cp(^^-— 2  h  log     ^ -) 


Since  X,  is  electrical  intensity  at  distance  a  from  center  of 
wire,  and  Xq  is  the  electrical  intensity  at  b  from  the  center, 

Xs         b 


Xo  CL 


adx  =  A  p  ai  —^ 1  1 


+  Bc>.(4J-i-2^;..og-^;.) 


(12) 


It  is  desirable  to  introduce  into  the  above  a  term  representing 
the  density  5  of  the  air,  where  6  =  unity  for  />  =  76  cm. 

Also  note  that  6  Xo  expresses  the  value  of  the  least  gradient 
at  which  ionization  takes  place  for  any  density  6  of  the  air. 

Equation  (12)  now  becomes 


adx=  Tb/laSTg^-    -  l) 

+  76BCa5(^,-l-2^1og-/^) 
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Upon  introducing  the  values  of  the  constants  A,  B  and  C, 
equation  (6)  becomes 


e 


'^■'^'"{Tjrr')*"""{-^^-'-'ry;''"-^) 


(13) 


The  above  is  a  general  expression  for  the  relation  between  the 
gradient  Xg  and  the  radius  a  of  the  wire  for  conditions  nec- 
essary to  produce  the  corona. 

Writing  the  above  in  the  logarithmic  form,  and  since  the  left- 
hand  member  is  constant,  setting  logl ~a~)~  ^'  ^^^  ^^' 

tains 

This  final  form  may  be  conveniently  used  for  comparison  with 
experiments. 

The  relations  between  the  radius  of  a  smooth  wire  and  the 
surface  gradient  necessary  to  produce  the  corona  have  been 
quite  carefully  investigated  by  Dr.  Whitehead  and  F.  W.  Peek. 

Whitehead*  finds  that  equation  (16)  expresses  the  relation 
between  Xs  and  a  for  a  wire  passing  through  the  center  of  a 
surrounding  cylinder. 


Xs  =  32,000  (  1  +  -^^) 


(16) 


In  Fig.  3  are  plotted  the  relations  of  Xs  to  a  as  calculated  from 
(14).  The  constant  K  =  6  is  found  by  equating  (14)  with  (16) 
for  a  particular  value  for  Xs  and  a. 

The  dotted  circles  represent  the  results  of  experiment  as  ex- 
pressed by  the  empirical  equation  (16).  The  agreement  between 
theory  and  experiment  is  very  satisfactory. 

F.  W.  Peek'  has  investigated  the  problem  for  parallel  wires 
in  the  open  air.  He  also  investigated  the  effect  of  spacing  of  the 
parallel  wires.  He  finds  that  if  the  conductors  are  not  too  near, 
the  relations  between  radius  and  surface  gradient  may  be  ex- 
pressed by 


4.  Trans.  A.  I.  E.  E.,  Vol.  XXX,  1911. 

5.  ibid. 
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The  law  of  the  corona  for  this  case  is  the  same  as  for  a  wire 
endosed  in  a  cylinder,  but  the  electrical  intensity  at  which  it 
occurs  is  less  than  for  the  enclosed  wire,  as  the  constant  outside 
the  parentheses  has  a  smaller  value. 

The  theoretical  equation  represents  this  case  also.  The  con- 
stant K  has  a  smaller  \'alue,  as  the  constant  outside  the  paren- 
theses in  (16)  is  less  than  that  in  (16).  The  comparison  of  theor>' 
and  experiment  is  shon-n  in  Pig.  4.  The  agreement  here  also  is 
very  good. 

Rbdl'ction  op  EguATiON  (14)  to  Form  op  EgUATios  (16) 
The  fact  that  equations  (14)  and  (16)  plot  into  almost  iden- 
tical cur\'es  is  evidence  that  the  theoretical  equation  expresses 
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the  law  of  the  corona  as  accurately  as  the  empirical  equations  of 
Dr.  Whitehead  and  Mr.  Peek.  However,  equation  (14j  is  not 
quite  so  workable  in  practise  since  it  is  not  so  simple  in  form  and 
contains  a  logarithmic  term.  It  is  perhaps  worth  while  to  show 
that  equation  (14)  very  easily  transforms  into  equation  (16)  if 
one  represents  the  logarithmic  term  by  a  series: 


log,    y' 


+  a 


This  logarithmic  term  is  very  closely  represented  by  the  series 
if  one  gives  the  constants  the  values  of  0.28,-0.82  and  0.53, 
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respectively.     Introducing  these  values  of  Ci,  Ct  and  Ci  in  the 
series,  substituting  the  series  for  the  logarithmic  term  of  (14), 


immediately  changes  to 


;f,.  32,000(1  +  °^) 


This  simple  transformation  makes  (14)   agree  in  form  and 
value  ivith  the  experimental  equation  of  Dr.  Whitehead. 
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Change  of  Density  op  the  Air 

Both   Dr.  Whitehead  and   Mr.  Peek  have  investigated  the 

effects  of  jjressure  or  density  of  the  air  on  the  appearance  of  the 

corona.     Peek  points  out  that  both  his  own  and  Whitehead's 

results  may  be  represented  by  the  following  empirical  equation: 


X,  =31,000  5(1  + 


).308\ 


(17) 


The  term  8  represents  the  density  of  the  air,  taking  i  —  unity 
for  normal  atmospheric  pressure  and  temperature.  Equation 
(14)  also  contains  S  and  consequently  should  also  express  the 
effect  of  change  of  density. 
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A  plot  of  (14)  is  given  in  Fig.  5  for  a  few  conductors  of  different 
radii,  the  dotted  circles  representing  the  results  of  experiments. 
Here  again  the  agreement  is  verj-  gooii. 

Conductors  Sirrovnded  by  Cyunders,  and  Condictors 
IN  THE  Open 

There  is  a  marked  increase  in  the  surface  gradient  required 
to  produce  the  corona  with  the  wire  surrounded  by  a  cylinder 
over  that  of  a  wire  in  the  open.  The  experimental  values  of  A', 
are  about  7  per  cent  greater  in  the  one  case  than  in  the  other. 
The  theory-  of  ionization  by  impact  furnishes  an  explanation  of 
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this  increase,  as  will  be  readily  seen  by  a  detailed  study  of  the 
physical  process  involved  in  the  two  cases. 

Consider  a  wire  stretched  through  the  center  of  a  metallic 
cylinder,  as  represented  in  Fig.  6.  The  outer  cyUnder  M,  say, 
has  a  radius  of  3  to  5  cm.,  these  being  the  dimensions  used  by 
Dr.  Whitehead.  The  central  conductor  is  charged  by  an  alter- 
nating potential,  such  that  the  gradient  at  the  surface  just  pro- 
duces the  corona.  The  condition  for  the  discharge  is  that  the 
ionization  n  per  unit  area  at  the  surface  shall  reach  a  certain 
value.  Assume  a  certain  amount  of  ionization  in  the  cylinder, 
and  folliiw  the  ])rocess  through  a  cycle.  The  wire  is  just  beginning 
its  negative  phase,  and  as  the  potential  rises,  the  negative  ions 
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are  driven  out  from  the  wire  toward  the  outer  cylinder.     If  the 
radius  R  is  small,  these  ions  will  reach  the  outer  cylinder  M  and 

disappear  before  the  wire  changes 
to  the  positive  phase.  If  the  outer 
cylinder  M  is  not  there,  but 
another  wire  or  the  earth  is  at  a  con- 
siderable distance,  the  ions  will  not 
have  disappeared,  but  will  still  exist 
and  many  will  return  and  cross  the 
surface  Q,  on  the  reversal  of  phase. 
The  no  ions  of  equation  (13)  are 
thus  decreased  by  the  nearness  of  the 
cylinder,  and  the  gradient  Xs  is  in- 
creased. One  can  readily  calculate  the  change  in  n©.  For  a 
wire  in  the  open  (see  Fig.  4) : 


\«o    of 


K  =  \ogi^   =-  I  =4.3 


And   for  a   wire  4n   a   cylinder    (see   Fig.   3): 


(n    a_\  _ 
Vo   T)  ~ 


The  ratio  of  a  to  6  will  be  about  the  same  in  the  two  cases.  It 
is  found  from  the  two  expressions  above  that  «o  is  5 . 5  times  as 
great  for  a  wire  in  the  open  as  for  a  wire  enclosed  in  a  cylinder. 

The  Effect  of  Spacing  of  Parallel  Conductors 

Mr.  Peek  has  observed  some  interesting  and  unexpected 
results  of  the  effect  of  spacing  of  parallel  conductors.  It  was 
found  that  at- great  distances,  a  change  in  spacing  had  no  effect 
on  the  coronal  surface  gradient,  but  when  the  wires  were  brought 
nearer,  the  gradient  increased,  and  at  a  certain  spacing  not  near 
enough  for  sparking,  the  gradient  became  nearly  as  great  as  for 
wires  surrounded  by  a  cylinder.  As  an  illustration,  when  the 
two  parallel  conductors  of  0 . 1  cm.  radius  are  20  cm.  apart,  the 
gradient  is  58,000  volts  per  cm.;  when  they  are  7  cm.  apart,  the 
coronal  gradient  is  increased  to  61,000  volts  per  cm. 

These  results  can  also  be  explained  by  the  assumption  that  part 
of  the  «o  ions  disappear  when  the  conductors  are  near. 

Consider  the  physical  process  about  conductor  C,  Fig.  7,  as  the 
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potential  goes  through  a  cycle.  The  conductor  C  begins  with  a 
negative  potential  which  increases,  decreases,  and  becomes  posi- 
tive. During  the  negative  phase,  the  negative  ions  move  out- 
ward along  the  lines  of  force  towards 
B.  If  the  conductors  are  siifficiently 
far  apart,  these  ions  will  not  reach  B 
before  the  phase  changes  and  they 
are  again  drawn  toward  C.  However, 
if  the  spacing  d  is  small  enough,  some 
of  the  no  ions  will  have  reached 
B  and  so  will  have  disappeared.  That  is,  at  a  certain  critical 
spacing  no  will  begin  to  decrease,  and  the  coronal  surface  gradient 
will  begin  to  increase. 

This  increase  in  Xs  is  shown  by  several  curves  in  Peek's  paper. 
The  critical  spacing  at  which  this  increase  in  Xs  takes  place  is 
given  in  the  following  table  {d  observed). 


•—        -'•^    ^ 


Fig.  7 


a 

Xs 

d  (observed) 

• 

d^cy/Xsa 

0.103 

68.000 

17  to  18  cm. 

17.6 

0.162 

52.500 

18  to  21 

21. 

0.2 

60.000 

21  to  23 

23. 

0.327 

46.000 

28  to  31 

28. 

0.412 

44,000 

32  to  34 

32. 

C"*0. 23    ""a  constant. 

The  change  in  the  gradient  as  the  spacing  is  decreased  is  so 
gradual  that  the  critical  spacing  d  at  which  X,  begins  to  be  in- 
creased cannot  be  sharply  fixed. 

The  expression  in  the  fourth  column  of  the  table  for  the  crit- 
ical spacing  is  derived  from  the  following  considerations:  This 
spacing  is  the  distance  that  an  ion  would  move  out  from  conductor 
Cin  a  quarter-cycle.  All  of  those  ions  that  are  to  cross  the  surface 
Xq  at  the  crest  of  the  positive  wave,  must  be  within  such  distance 
of  the  wire,  that  they  can  return  while  the  potential  is  increasing 
from  zero  to  a  maximum  on  the  positive  phase. 

Let  k  be  the  specific  velocity  of  an  ion,  and  X  the  gradient  at 
a  point  ;c  at  a  time  /.  Then  k  X  will  be  the  velocity  atjthat  point 
and  time. 
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and  X  ^  Xs'^ 


X 


Also 


Xs'      varies  with  the  time. 


Xs'  =  Xs  sin  p  t 


— ,  -  =  k  Xf  —  sinp  t 
at  X 


I    xdx  =  k  Xs I    sin  pt 


dt 


,,        J       k  Xsa 
d^  —  a}—  7— 

Since  a  is  very  small  compared  to  d,  it  may  be  neglected,  and 
setting 


=  \/"' 


.  =  a  constant 
tt/ 

the  above  becomes 

d  =  c  VXs~a  (18) 

which  is  the  equation  by  which  the  fourth  colimin  of  the  table 
is  calculated. 

The  Nature  of  the  no  Ions 

The  theory  here  proposed  for  the  corona  is  founded  upon  the 
assumption  that  there  is  a  large  number  of  ions  no  which  cross 
the  surface  Xo  and  build  up  the  ionization  to  n  ions  at  the  surface 
of  the  wire,  while  the  gradient  is  near  its  maximum  on  the  pos- 
itive phase. 

This  foundation  principle  seems  to  be  opposed  by  some  experi- 
ments of  Dr.  Whitehead*.  This  contradiction,  however,  is  only 
apparent.  It  is  perhaps  worth  while  to  give  his  work  in  more 
detail  and  show  that  this  is  the  case. 

(a)  An  effect  was  sought  for  by  increasing  the  original  ioni- 
zation about  the  wire  by  ionizing  the  air  about  the  wire  within 

6.  Trans.  A.  I.  eTe.,  Vol.  XXXl7l912. 
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the  cylinder  by  Rontgen  rays.  The  result  was  negative;  no 
change  in  the  cx)rbnal  voltage  was  observed. 

(b)  The  wire  is  surrounded  by  thin  paper  tubes  within  the 
cylinder.  "  A  clean  copper  wire  0.157  cm.  in  diameter,  started 
the  corona  at  58.5  primary  volts.  This  wire  was  then  succes- 
sively enclosed  in  thin  paper  tubes  2.54  cm.,  1.27  cm.  and  0.95 
cm.  in  diameter.  These  tubes  were  slightly  longer  than  the  outer 
cylinder  and  were  insulated  and  held  acaa*ately  concentric  by 
means  of  three  threads  at  each  end  **. 

"  Ions  in  the  region  outside  of  these  tubes  would  be  pre- 
vented from  reaching  the  wire,  and  if  these  ions  have  any 
influence  on  the  coronal  voltage,  we  should  expect  an  ele- 
vation of  this  voltage,  when  the  wire  is  screened  as  above. 
No  change  in  the  coronal  voltage  was  observed  when  the  larger 
tube  was  in  place.  In  the  case  of  the  smaller  tubes  the  coronal 
voltage  (primary)  was  lower,  by  1 .5  to  2  volts,  than  when  the 
tubes  were  not  inserted.  In  this  experiment,  the  number  of  ions 
in  the  neighborhood  of  the  wire  is  lower  when  the  paper  tube  is  in 
place.  " 

A  closer  examination  of  the  physical  process  about  the  wire  will 
show,  however,  that  neither  the  Rontgen  rays  nor  the  paper 
tubes  can  have  much  effect  on  the  number  of  the  «o  ions  con- 
sidered in  this  theory. 

Suppose  that  the  alternating  potential  applied  to  the  wire  for 
experiment  (a)  is  such  that  the  surface  gradient  will  just  produce 
the  corona. 

For  the  sake  of  clearness,  consider  that  the  potential  is  applied 
to  the  wire  at  the  beginning  of  the  positive  phase.  The  ions 
present,  due  to  the  natural  ionization  of  the  air,  move  inward 
toward  the  wire,  and  designate  by  No  those  that  cross  the  surface 
Xo  at  crest  of  positive  phase.  These  produce  ionization  by  im- 
pact and  Ni  ions  arrive  at  the  wire,  (see  Fig.  8).  These  Ni  ions 
are  not  numerous  enough,  however,  to  produce  a  visible  corona. 
Some  of  these  N  ions  are  neutralized  by  the  wire  (current  loss) , 
and  on  the  next  phase,  when  the  wire  is  negative,  the  remainder 
move  outward, passing  the  positive  ions  which  are  moving  inward. 
Many  disappear  by  recombination  difring  this  time,  but  a  number 
much  greater  than  the  original  A^o  is  left.  On  the  next  change  to 
the  positive  phase,  No\  ions  cross  the  surface  Xo  at  crest  of  wave. 
These  produce  N2  ions  which  arrive  at  the  surface  of  the  wire. 
Part  of  these  ions  disappear  as  before,  but  leave  N02  ions  for  the 
next  process.     Thus  the  ionization  builds  up  in  a  manner  graph- 
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ically  shown  in  Fig.  8.  The  no  ions  of  the  theory  and  of  Fig.  8 
are  many  thousand  times  more  numerous  than  the  original 
JVo  which  are  due  to  the  natural  ionization  of  the  air. 

The  Rontgen  rays  as  applied  by  Dr.  Whitehead  would  increase 
the  Nt  ions,  but  not  the  no  ions.  But  the  number  of  cycles  re- 
quired to  build  up  the  ionization  would  be  decreased  by  the 
application  of  the  Rontgen  rays. 

This  process  requires  that  a  number  of  cycles  should  elapse  be- 
tween the  application  of  the  potential  to  the  wire  and  the  appear- 
ance of  the  corona.  I  venture  to  predict  that  such  delay  would 
be  observed  if  the  experiment  were  performed  in  the  following 
way.     The  potential  of  the  secondary  should  be  adjusted  so  as 


just  to  produce  the  corona.  A  suitable  switch  should  be  placed 
in  the  secondary  circuit.  The  current  in  the  primary  should  be 
kept  on  continuously.  The  coronal  discharge  should  appear  many 
cycles  after  the  closing  of  the  switch  in  the  secondary.  This 
arrangement  avoids  the  sudden  rush  of  current  into  the  trans- 
former on  closing  the  primary  switch. 

Such  an  effect  has  been  observed.  A  graduate  student, 
working  under  the  direction  of  the  writer  at  the  Physical  Labor- 
atories of  Columbia  University,  obtained  such  nice  adjustment 
of  potential  difference  that  the  discharge  would  regularly  appear 
three  minutes  after  the  application  of  the  potential  to  the  elec- 
trodes.    Here,  the  rate  of  production  only  slightly  exceeded  the 
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rate  of  disappearance  of  the  ions.  It  took  a  long  while  to  btiild 
t;p  from  iVo  .to  n  ions. 

The  above  vieW  of  the  physical  process  about  the  wire  also  ex- 
plains the  absence  of  any  considerable  effects  when  tRe  wire  is 
inclosed  in  a  paper  tube.  The  building-up  process  at  successive 
cycles  indicated  in  Fig.  8,  goes  on  inside  the  paper  tube.  As  the 
wire  is  on  successive  negative  phases,  the  iVoi,  JV02,  N^i  etc.  ions 
are  driven  outward  and  cling  to  the  inside  wall  of  the  paper  tube. 
As  the  wire  changes  to  the  successive  positive  phases,  these  iVoi, 
i^M,  i^oi  ions  come  free  from  the  wall  of  the  tube,  and  move  in- 
ward, producing  ionization  by  impact  in  the  same  way  as  though 
the  paper  tube  had  not  been  there. 

The  negative  ions  while  on  the  inner  wall  of  the  tube  will  not 
produce  any  disturbance  in  the  electrical  intensity  about  the  wire, 
because  of  the  law  that  there  is  no  electrical  force  inside  of  a 
hollow  conductor  due  to  a  charge  on  its  surface.  The  paper  tube 
experiment,  which  at  first  sight  appears  conclusive,  really  leaves 
the  effect  of  the  original  ionization  on  the  discharge  still  undeter- 
mined. 

The  laws  governing  the  formation  of  the  corona  are  thus  fully 
explained  by  the  known  principles  of  the  motion  of  ions  and  ioni- 
zation by  impact.  The  real  dielectric  strength  of  air  is  not  altered 
by  the  curvature  of  the  conductor.  The  apparent  dielectric 
strength,  however,  is  altered. 

There  is  still  an  important  problem  in  connection  with  the 
discharge,  not  considered  in  this  paper.  There  is  a  loss  of  energy 
from  the  conductor,  which  increases  very  rapidly  as  the  potential 
is  increased  beyond  that  required  to  produce  the  corona.  It 
would  be  desirable  to  develop  a  theory  that  would  completely 
describe  this  energy  loss  in  terms  of  ionization  by  impact.  How- 
ever, new  and  great  difficulties  are  encountered  when  this  is 
attempted.  The  redistribution  of  the  ions  causes  a  modification 
of  the  electric  field  about  the  conductor.  The  representation 
of  this  new  field  distribution  in  terms  of  the  ionic  charges  and  their 
motions,  by  a  differential  equation,  is  a  matter  of  very  great 
diffictilty. 


1914]  DISCUSSION  AT  WASHINGTON  607 

Discussion  on  "  Theory  of  the  Corona  "  (Davis),  Washing- 
ton, D.  C,  April  25, 1914. 

m 

J.  B.  Whitehead  (by  letter) :  Professor  Davis's  paper  is  note- 
worthy as  being  the  first  thorough-going  attempt  to  explain  the 
phenomena  of  corona  formation  in  terms  of  the  theory  of  ioniza-' 
tion.  In  each  of  the  papers  of  my  series  on  The  Electric  Strength 
of  Air,  I  have  stated  my  opinion  that  the  phenomena  in  question 
would  ultimately  be  explained  in  terms  of  that  theory.  Profes- 
sor Davis  is  the  first,  however,  to  offer  to  the  Institute  a  theory 
which  begins  from  the  fundamental  relations  given  by  Professor 
J.  S.  Townsend,  the  originator  of  the  theory  of  ionization  by 
collision,  as  the  explanation  of  all  electric  discharges  in  gases. 
Professor  Davis  makes  a  number  of  assumptions  which  w5l  re- 
quire careful  investigation  before  acceptance.  Among  these  is 
that  which  states  as  the  critical  condition  for  corona  formation 
that  the  density  of  ionization  at  the  surface  of  the  wire  should 
reach  a  constant  value.  In  the  process  leading  up  to  the  arrival 
at  this  value  he  assumes  a  continuous  generation  of  new  ions 
by  collision,  beginning  a  cenain  distance  from  the  wire  and 
accumulating  in  time  through  successive  cycles  of  the  alternating 
electric  intensity.  If  this  is  true,  should  there  not  be  evidence  of 
ionization  for  values  of  voltage  just  short  of  the  corona-forming 
value?  Our  experiments  have  indicated  no  such  preliminary 
ionization. 

I  should  like  to  ask  the  origin  of  Professor  Davis's  figure  of 
26,000  volts  per  cm.  as  the  value  of  Xo^ 

The  correctness  of  the  development  of  Professor  Davis's 
theory  depends  largely  on  the  value  of  a  as  given  in  formula  (7). 
It  would  be  interesting  to  know  what  other  evidence  there  is  in 
support  of  this  value. 

Professor  Davis  has  evidently  given  careful  thought  and  study 
to  the  relation  of  his  theory  to  the  results  which  have  been  pre- 
sented in  papers  to  the  Institute.  Indeed,  the  agreement  be- 
tween the  theory  and  observations  is  so  remarkable  that  it  is 
to  be  hoped  that  Professor  Davis  will  in  a  further  paper  discuss 
the  possible  errors  introduced  by  several  asstmiptions  which  hie 
has  made  in  the  reasoning.  I  have  not  found  it  possible  to  check 
them  all. 

It  may  be  well  to  point  out  that  Professor  Townsend  has 
himself  offered  an  explanation  of  the  relation  obtaining  between 
the  critical  corona  intensity,  the  diameter  of  the  wire  and  the 
density  of  the  gas,  in  an  article  in  the  London  Electrician  for 
June  6,  1913. 

Harris  J.  Ryan  (by  letter) :  The  Davis  theory  of  corona  pre- 
sents for  the  first  time  a  definite  and  satisfactory  correlation  of 
the  essential  factors  that  cause  corona  formation  on  high- voltage 
transmission  lines.  The  theory  has  not  been  extended,  as  yet, 
so  as  to  accoimt  fully  for  local  corona  that  generally  precedes  full 
corona  formation,  and  for  the  strength  of  the  corona-formed 
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ionic  (in  phase)  ctirrent  in  relation  to  frequency  and  voltage. 
This  does  not  lessen  its  integrity  nor  its  value.  Merely  its  op- 
portunity for  growth  is  thus  emphasized  and  such  gro\\i:h  will 
be  sturdy.  In  due  course  of  time  it  will  be  extended  so  as  to 
account  for  most  if  not  all  of  the  corona  phenomena. 

The  author's  fundamental  assumptions  in  regard  to  the  dual 
origin  of  the  no  ions  and  the  corona-culminatingroleof  the  n  ions  are 
made  upon  firm  ground.  Assimiptions  employed  in  the  construc- 
tion of  a  satisfactory  theory  must  be  nominated  by  corresponding 
facts.  TheColumtna  University  experiment  which  demonstrated 
the  time-lag  of  the  arrival  of  the  initial  corona  has  contributed 
an  important  nominating  fact  in  regard  to  the  «o  ions.  We  have 
found  in  oiu*  own  work  that  the  normal  critical  visual  corona- 
forming  voltage  applied  to  parallel  wires  may  be  lowered  greatly, 
as  much  as  fifty  per  cent,  by  liberating  near  such  wires  an  inde- 
pendent supply  of  ions.  This  was  done  by  moimting  a  fine 
wire  between  the  high-voltage  wires  and  charging  it  from  a 
static  machine.  Objection  to  this  experiment  was  made  on  the 
ground  that  the  electric  field  about  the  high-voltage  wires  is 
increased  by  the  presence  of  the  charged  fine  wire.  So  it  is,  but 
the  increase  is  far  too  little  to  accoimt  for  the  results.  This  has 
been  demonstrated  by  computation  and  experiment.  The  re- 
sults of  the  experiment  fortify  the  author's  assumptions  that 
corona  formation  is  dependent  upon  the  initial  supply  of  free 
ions,  No,  and  "  that  the  discharge  will  appear  when  the  ionization 
per  imit  area  at  the  surface  reaches  a  certain  constant  value,  n." 
Also  that  **  the  density  of  ionization  at  the  surface  of  the  conduc- 
tor will  increase  somewhat  without  ionization  by  impact  as  the 
No  ions  move  inward.'* 

We  have  been  working  during  the  past  two  years  with  a  steady, 
undamped,  high-frequency,  high- voltage  source  and  have  ob- 
served that  coronas  formed  at  60,000  cycles  per  second  consume 
large  amounts  of  power  and  develop  correspondingly  high  tem- 
peratures. These  corona  temperature  effects  continue  to  in- 
crease with  frequency  increase.  The  highest  frequency  used 
has  been  600,000  cycles.  The  values  of  such  steady  high-fre- 
quency high  voltages  required  to  discharge  across  sphere  gaps 
are  much  the  same  as  the  corresponding  values  at  low  frequencies. 
The  corresponding  voltages  required  to  discharge  through  corona- 
forming  blunt-pointed  gaps  are  generally  about  one-half  those 
required  at  low  frequencies.  Large,  \ngorous,  local  high-fre- 
quency corona  brushes  are  formed  on  slight  provocation  at  ab- 
normally low  voltages.  A  brush  of  this  character  may  be  blown 
by  lung  power  from  the  point  of  the  circuit  where  it  originated 
to  another  point  whereat  it  could  not  be  started  by  the  unaided 
action  of  the  circuit  supplied  by  a  given  voltage.  These  corona 
brushes  may  also  be  started  at  sub-critical  voltages  by  touching 
the  circuit  momentarily  with  a  stick  of  wood.  The  corora 
brush  will  start  at  the  spot  on  the  conductor  touched  by  the  wood . 
In  these  high-frequency  phenomena  we  have  much  evidence  of 
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the  correctness  of  the  author's  implied  assumption  that  the  num- 
ber of  ions  maintained  in  action,  producing  in-phase  current, 
depends  upon  the  shortness  of  their  amplitudes  of  actual  travel 
and  of  intervals  of  replenishment,  t.^.,  upon  the  frequency  of 
the  source. 

Edward  Bennett  (by  letter):  The  paper  on  the  Theory  of 
Corona  contains  a  derivation  from  rational  considerations  of  an 
equation  which  fits  certain  curves  experimentally  determined  by 
Peek,  Whitehead  and  others.  These  curves  show  the  relation 
between  the  radius  of  wires  of  different  diameters  and  the  hypo- 
thetical gradients  at  the  surface  of  the  wires  which  cause  ionization 
of  the  surrounding  air  to  become  evident. 

The  justification  for  some  of  the  rational  notions  made  use 
of  by  the  author  is  not  at  all  clear  to  me,  while  other  assumptions 
do  not  seem  to  be  in  accord  with  the  interpretation  to  be  placed 
upon  the  experimental  data.  For  example,  it  seems  to  be  as- 
sumed that  ionization  will  first  be  evident  during  that  half -cycle 
of  the  alternating  wave  in  which  the  electrons  are  moving  in- 
ward across  the  surface  Q  of  Fig.  1  toward  the  surface  of  the  wire. 
Now,  oscillograms  taken  at  air  pressures  in  the  neighborhood  of 
one  cm.  of  mercury  show  that  as  one  gradually  raises  the  voltage 
between  wire  and  surrounding  cylinder,  there  is  quite  a  range  in 
voltage  diuring  which  copious  ionization  occurs  only  during  the 
half -cycle  in  which  the  wire  is  cathode,  or  the  electrons  move 
outward.  At  atmospheric  pressure  it  is  impossible  to  tell  from 
the  oscillograms  the  polarities  under  which  copious  ionization 
sets  in.  That  is,  as  one  slowly  raises  the  voltage  between  the 
wire  and  surrounding  cylinder  the  oscillograph  gives  evidence  of 
ionization  at  substantially  the  same  impressed  voltage  at  which 
the  eye  sees  the  bluish  haze  around  the  wire.  In  addition  the 
oscillograph  also  shows  that  ionization  is  occurring  not  only  during 
the  half -cycle  in  which  the  wire  is  positive  but  also  during 
the  half -cycle  in  which  the  wire  is  negative  to  the  cylinder. 
This  would  seem  to  indicate  that  ionization  resulting  from  both 
positive  and  negative  ions  shotdd  receive  consideration  in  any 
derivation  of  the  relation  between  the  critical  gradient  and  the 
radius  of  the  conductor.  > 

Referring  to  equations  (5)  and  (6)  the  author  makes  the  state- 
ment: "An  inspection  of  Fig.  1  will  show  that  the  number  of 
no  ions,  crossing  the  surface  Q  per  unit  area,  varies  inversely  as 
b\  consequently,  we  may  approximately  assume  that  the  whole 
term  on  the  left  is  a  constant  for  first  appearance  of  discharge." 
It  is  not  clear  to  me  either  why  no  varies  inversely  as  6,  or  why 
the  left  member  of  equation  (6)  may  be  regarded  as  approxi- 
mately constant,  and  it  would  be  gratifying  if  the  author  would 
elaborate  on  these  two  assumptions. 

Alex.  ChemyshoS  (by  letter) :  Mr.  Davis  and  Prof.  Townsend 
in  their  work  have  taken  into  account  only  the  kinetic  energy  of 
the  electrons  and  positive  ions,  leaving  entirely  out  of  considera- 
tion the  possibility  of  the  influence  of  the  electric  field  on  the 
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The  first  member  will  gain  more  and  more  in  significance  as  the 
diameter  of  the  cylinder  increases. 

When  the  potential  is  alternating  or  variable  the  phenomena 
will  be  very  much  more  complicated  and  it  will  not  be  possible 
to  integrate  the  differential  equation  and  in  this  way  determine 
ftmdamental  dependence  of  the  gradient  from  the  diameter  of 
the  cylinder  and  the  constant  of  ionization,  but  this  increased 
complexity  of  the  phenomena  does  not  change  their  essential 
character.  I  therefore  think  that  when  the  distance  between  the 
earth  and  the  conductor  is  considerable  the  variation  of  the  field 
distribution  of  potential  from  the  logarithmic  curve  will  be  con- 
siderable. In  the  case  of  ionization  through  collision  there  will 
be  an  enhanced  inequality  in  the  distribution  of  free  electricity 
due  to  the  difference  in  mobility  of  various  ions. 

In  conclusion  I  want  to  relate  one  very  interesting  experiment 
demonstrating  the  action  of  light  on  electric  discharges.  Lebed- 
insky  proved  that  Hght  can  not  only  facilitate  the  appearance 
of  an  electric  discharge  in  the  shape  of  a  spark  between  electrodes, 
but  that  under  certain  conditions  it  may  check  its  appearance. 
The  experiment  was  conducted  as  follows: 

A  variable  tension  was  placed  near  the  breakdown.  A  slight 
illumination  of  one  of  the  unsymmetricai  electrodes  regularly 
produced  the  appearance  of  a  spark  discharge.  When  the  il- 
umination  was  strengthened,  irregular  discharges  were  produced, 
and  with  a  stronger  illimiination  the  discharges  were  discon- 
tinued entirely,  wlule  there  was  no  change  in  the  tension  between 
electrodes.  The  reason  for  this  phenomenon  is  the  increased 
number  of  negative  ions  changing  the  distribution  of  potential 
in  such  a  way  as  to  prevent  a  discharge.  This  phenomenon, 
viewed  from  our  point,  demonstrates  the  importance  of  the  field 
distribution  and  the  dependence  of  the  distribution  of  the  free 
ions  in  the  gas. 

F.  W.  Peek,  Jr.  (by  letter) :  It  may  be  of  interest  to  state, 
in  a  brief  way,  the  manner  in  which  our  law  of  visual  corona  was 
derived,  and  also  to  call  attention  to  the  fact  that  it  is  a  rational 
law.  In  1910  I  conducted  an  investigation,  very  carefully 
determining  the  visual  corona  voltages  of  various  sizes  of  polished 
parallel  wires  at  various  spacings.  This  was  given  in  my  paper 
before  the  A.I.E.E.  in  June,  1911.  For  any  conductor  the  volt- 
age gradient  at  rupture,  gv,  was  found  to  be  constant,  independ- 
ent of  the  spacing  (except  at  very  small  spacings),  but  increased 
very  rapidly  as  the  radius  of  the  conductor  was  decreased.  Thus 
air  apparently  had  a  greater  strength  for  small  conductors  than 
large  ones.  This  was  formerly  pointed  out  by  Professor  Ryan. 
The  experimental  data  curve  between  ^,  and  radius  r  was  found 
to  be  regular  and  continuous.  A  number  of  equations  could 
readily  be  written  which  would  fit  these  data.  It  was  desired, 
however,  to  establish  or  build  up  a  rational  equation.  The  old 
idea  of  air  films  at  the  surface  of  the  conductors  was  abandoned, 
after  tests  with  very  light  (aluminum)and  very  heavy  (tungsten) 
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metals  showed  that  the  density  of  the  metal  of  the  conductor 
had  no  influence  on  gp,  which  should  be  the  case  if  the  difference 
were  caused  by  air  films,  as  the  air  film  should  vary  with  the  den- 
sity of  the  conductor. 

A  rational  law  of  visual  corona  was  deduced  from  the  data, 
reasoning  as  follows: 

Energy  of  some  form — be   this  the  ^^  -;r— •  of  the    energy 


of  the  moving  ions,  or  whatever  form  it  may — ^is  necessary  to 
rupture  insulation.  This  is  borne  out  by  experiment  with  tran- 
sients, which  show  that  finite  time  is  necessary  to  rupture  insula- 
tion, and  that  if  this  time  be  limited  the  voltage  must  be  increased 
to  accomplish  the  same  restdts  in  the  limited  time.  Heating 
results  at  rupture,  etc.  These  facts  imply  definite  finite  energy. 
The  gradient  or  stress  to  rupture  air  in  bulk  in  a  uniform  field, 
^0,  shotdd  be  constant  for  a  given  air  density  or  molecular 
spacing.  In  a  non-uniform  field,  as  that  around  a  wire,  the 
breakdown  strength  of  air,  ^o>  is  first  reached  at  the  conductor 
surface;  at  a  small  distance  from  the  conductor  siuface  the 
stress  is  still  below  the  rupturing  gradient.  Hence,  in  order 
to  store  the  necessary  finite  rupturing  energy  the  gradient  at  the 
conductor  surface  must  be  increased  to  gv,  so  that  at  a  finite  dis- 
tance away  the  gradient  is  ^o-  This  means  that  a  finite  thick- 
ness of  the  insulation  must  be  under  a  stress  of  g^  or  over.  The 
rupturing  energy  is  in  the  zone  between  gv  and  go-  The  thickness 
of  the  zone  shotdd  be  a  function  of  the  conductor  radius.     It  was 

found  that  at  0 .301  VTcm.  from  the  conductor  surface  the  gra- 
dient at  rupture  is  always  constant  and  30  kv./cm.  (at  standard 
air  density) .  The  relation  between  gv  and  r  may  now  be  directly 
expressed  by  the  simple  law 

/,    ,   0.301\       ^^  /,    ,    0.301\ 

For  parallel  planes  or  for  air  in  bulk 

r  =  CO 

gv=  go- 
Thus  the  strength  of  air  is  constant  and  equal  to  30  kv./cm., 
but  in  non-uniform  fields  is  apparently  stronger,  as  explained 
above.  If  the  air  is  made  less  dense,  that  is,  if  the  molecular  spa- 
cing is  changed,  the  strength  of  air  in  a  uniform  field  should  de- 
crease directly  with  the  air  density. 

g'o  =  5go 

However,  for  non-uniform  fields,  the  energy  distance  should  also 
change  thus 

0.301  r0  (5) 
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I  found  this  to  be  borne  out  by  experiment  and  the  complete 
equation  containing  air  density  correction  to  take  the  simple 
rational  form 


gv^  gi 


'('+°vf) 


If  the  energy  distance  is  limited  to  less  than  0.301  Vr  the  appar- 
ent gradient  should  increase.  This  also  is  borne  out  by  experi- 
ment, as  shown  in  later  papers.*  The  visual  tests  on  various 
forms  of  electrodes — ^as  spheres,  wires,  planes,  etc. — as  well  as  loss 
measiu-ements,  all  point  to  an  energy  storage  distance  and  a 
constant  strength  of  air  of  30  kv./cm. 

At  continuous  high  frequency  where  the  rate  of  energy,  or  the 
power,  is  great,  frequency  may  enter  into  the  energy  distance,, 
thus 

0.301  y<^  (/) 

and  spark-over  take  place  at  lower  voltages.  Where  the  time  is 
limited,  as  in  an  impulse  of  steep  wave  front,  a  much  higher  volt- 
age should  be  required  to  start  arc-over.  This  is  also  borne  out 
by  experiment. 

Thus  far,  I  have  said  nothing  in  regard  to  the  form  of  this 
rupttuing  energy.  Such  speculation  was  not  necessary  in  order 
to  develop  a  rational  working  equation.  After  a  law  is  developed 
it  is  interesting  and  instructive  to  fit  spectdative  theory  to 
that  law. 

In  the  discussion  of  my  paper,  The  Law  of  Corona,  1911,  Dr. 
Steinmetz  suggested  how  the  theory  of  ionization  by  collision 
could  be  made  to  fit  the  law  of  corona  which  had  just  been  brought 
out.  This  suggested  application  is  the  same  as  that  followed 
by  Mr.  Davis  in  his  mathematical  work,  and  is  found  on  pages 
'  1968,  1969  of  the  A.I.E.E.  Transactions  for  1911.  The  theory 
that  initial  ionization  could  not  affect  the  starting  voltage  is 
brought  out  on  page  1122  of  the  A.I.E.E.  Transactions  for  1912. 
I  have  also  suggested  the  same  application  of  the  electron  theory 
in  my  papers  of  1912  and  1913,  and  also  in  discussions.     Briefly, 

the  rupturing  energy  may  be  the  ^S  ^  of  all  the  ions  nec- 
essary to  produce  ionic  saturation,  and  hence  conduction  or 
corona. 

When  low  potential  is  applied  between  two  conductors  any 
free  ion^  are  set  in  motion.     As  the  potential,  and,  therefore,  the 

*See  The  Law  of  Corona  and  the  Dielectric  Strength  of  i4»>-II,  (Peek), 
Trans.  A.  I.  E.  E.,  1912,  XXXI,  I.  page  1051;  and  The  Law  of  Corona- 
III,  Trans.  A.I.E.E.,  Vol.  XXXII,  1913,  p.  1767. 
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field  intensity  or  gradient,  is  increased,  the  velocity  of  the  ions 
increases.  At  a  gradient  of  ^o  =  30  kv./cm.  (5  =  1)  the  velocity 
of  the  ions  becomes  sufficiently  great  over  the  mean  free  path  to 
form  other  ions  by  collision.  This  gradient  is  constant  and  is 
called  the  dielectric  strength  of  air.  When  ionic  satiiration  is 
reached  at  any  point  the  air  becomes  conducting  and  glows,  or 
there  is  corona  or  spark. 

Applying  this  to  parallel  wires — when  a  gradient,  gv,  is  reached 
at  the  wire  surface  any  free  ions  are  accelerated  and  produce  other 
ions  by  collision  with  molecules,  which  are  in  turn  accelerated. 
The   ionic   density  is  thus  increased    by   successive   collisions 

until  at  0.301    Vr  cm.  from  the  wire  surface,  where  go  =  30,  ionic 

saturation  is  reached,  or  corona  starts.  The  distance  0.301  V7 
cm.  is,  of  course,  many  times  greater  than  the  mean  free  path 
of  the  ion,  and  many  collisions  must  take  place  in  this  distance. 
Thus,  for  the  wire,  corona  cannot  form  when  the  gradient  of  go 
is  reached  at  the  surface,  as  at  any  distance  from  the  surface  the 
gradient  is  less  than  g^;  a  finite  thickness  of  air  must  be 
under  a  stress  equal  to  or  greater  than  go.  The  gradient 
at   the   surface   must   therefore   be  increased   to    g»    so    that 

the  gradient  a  finite  distance  away  from  the  surface  (0.301  Vr^cm.) 
is  go-  That  is  to  say,  energy  is  necessary  to  start  corona,  as 
outlined  above,  go  the  strength  of  air,  should  vary  with  5; 
g»,  however,  cannot  vary  directly  with  5,  because  with  the  greater 
mean  free  path  of  the  ion  at  lower  air  densities,  a  greater  "  ac- 
celerating "  or  energy  distance  is  necessary.     In  the  equation 

a  =  0.301  V  -J-',  that  is,  a  increases  with  decreasing  5. 

When  the  conductors  are  placed  so  close  together  that  the 
free  accelerating  or  energy  distance  is  interfered  with,  the  gra- 
dient gv  must  be  increased  in  order  that  ionic  saturation  may  be 
reached  in  this  limited  distance. 

Initial  ionization  of  the  air  cannot  affect  the  starting  voltage, 
since  such  ionization  must  necessarily  be  very  small  compared  to 
the  residual  ionization  after  each  cycle.  When,  however,  the 
initial  ionization  is  very  small  when  voltage  is  first  applied,  an 
appreciable  time  is  necessary  before  corona  starts.  The  starting 
voltage,  however,  is  not  affected  for  continuously  applied  a-c. 
or  d-c.  voltage.  For  transients  of  short  duration,  or  for  single 
impulse,  much  higher  voltage  should  be  required  to  produce  the 
same  results  in  limited  time — that  is,  higher  impulse  voltages 
should  be  required  to  cause  corona  or  spark-over. 

Mr.  Davis  has  mathematically  connected  the  theory  of  ioniza- 
tion by  collision  with  the  law  of  corona  already  established.  His 
results  seem  to  indicate  in  a  very  interesting  way  that  the  ruptur- 

2171  V^ 
^     of  the  energy  of  the  colliding  ions. 

Of  course  this  does  not  definitely  prove  this  particular  applica- 
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tion  of  the  ionization  theory.  It  shows  that  by  a  proper  valua- 
tion of  the  constants,  his  equation  will  coincide  with  the  es- 
tablished experimental  equation.  A  numbet  of  equations  might 
apply  in  the  same  way.  It  is  interesting  to  quote  as  follows  from 
his  paper: 

**  The  fact  that  equations  (14)  and  (16)  plot  into  almost 
identical  curves  is  evidence  that  the  theoretical  equations  ex- 
press law  of  corona  as  accurately  as  the  empirical  equations." 

The  ionization  theory  will  be  more  fully  established  for  practi- 
cal application  when  we  may  reverse  this  statement,  or  when 
theory  so  reaches  the  stage  that  we  may  say,  **  it  is  remarkable 
that  the  practical  results  so  well  check  the  theoretical  ones." 

Mr.  JDavis  is  to  be  congratulated  upon  the  important  work 
which  he  has  done  in  actually  applying  theory  to  obtain  practical 
working  results.  The  electron  theory  has  not  been  so  definitely 
applied  before  to  obtain  practical  results,  but  only  vaguely  and 
in  a  speculative  way,  fitting  the  theory  to  suit  the  particular  case. 
It  is  such  important  work  that  will  bring  forward  and  extend  this 
theory. 

Bergen  Davis  (by  letter) :  The  discussions  of  my  paper  on  the 
"  Theory  of  the  Corona  "  have  interested  me,  and  I  appreciate 
the  criticisms  and  suggestions  which  the  various  gentlemen  have 
made.  It  is  perhaps  not  necessary  to  take  time  and  space  for  a 
lengthy  reply,  but  I  will  consider  a  few  points  that  seem  to  need 
further  explanation. 

(1)  Professor  Whitehead  inquires  why  a  constant  density  n  of 
ions  per  unit  area  is  assumed  as  a  criterion  for  the  appearance 
of  the  discharge.  This  is  a  natural  assumption.  The  ioniza- 
tion progresses  with  the  voltage  according  to  a  high  exponential 
law.  The  rate  of  increase  with  the  applied  voltage  is  definite 
and  can  be  experimentally  reproduced  at  will.  This  refers  to 
experiments  with  steady  potentials  applied  to  plate  electrodes. 
The  phenomenon  is  progressive  until  it  becomes  visible,  and  the 
ionization  at  first  visibility  is  undoubtedly  constant,  at  least  for 
the  same  observer.  This  rapid  rise  of  the  ionization  \\'ith  the 
voltage  has  been  found  by  all  experimenters,  and  I  would  refer 
the  reader  to  the  numerous  papers  on  this  subject  published  dtir- 
ing  the  last  decade  by  Professor  Townsend  and,  his  fellow  workers. 
Professor  Whitehead  should  have  detected  this  partial  ioniza- 
tion had  his  conditions  been  steady  enough,  and  his  detecting 
instruments  of  sufficient  sensibility. 

The  origin  of  the  constant  Xq  =  26,600  volts  per  cm.  is  explained 
in  the  original  paper.  It  was  necessary  to  find  an  integrable 
equation  that  would  agree  with  the  theoretical  expression  (7)  for 
the  relation  between  a,  p  and  x.     This  integral  equation  is 

The  number  350  is  a  constant,  and  on  eliminating  p  from  the 
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parenthesis,  when  p  is  expressed  in  centimeters  of  mercury,  one 
obtains  76  X  350  =  26,600  for  the  value  of  jCoat  normal  pressiire. 

The  physical  meaning  of  the  constant  Xq  is  that  ionization  by 
impact  will  occur  at  all  gradients  greater  than  26,600  volts  per 
cm.  and  that  one  may  neglect  all  ionization  at  gradients  below 
that  value.  As  a  matter  of  fact,  the  kinetic  theory  of  gases 
shows  that  some  ionization  by  impact  may  occur  at  any  gradient, 
however  small. 

Professor  Whitehead  also  questions  the  experimental  basis  of 
the  theoretical  equation  (7).  Since  the  publication  of  the  paper 
on  the  corona,  I  have  compared  equation  (7)  with  all  the  experi- 
mental results  obtainable  for  the  relations  between  a,  p 
and  X.  If  one  takes  v  =  11.5  volts,  and  the  mean  free  path  of 
an  electron  to  be  eight  times  that  of  a  molecule,  then  equation 
(7)  agrees  with  the  experimental  results  with  an  accuracy  of  five 
per  cent  or  better.  The  validity  of  this  equation  is  thus  sup- 
ported by  all  of  the  experimental  work  on  ionization  by  impact. 

(2)  The  points  made  by  Professor  Bennett.  It  is  not  assumed 
that  ionization  will  first  be  evident  at  that  half -cycle  in  which  the 
electrons  move  towards  the  wire.  Ionization  by  impact  occurs 
when  the  electrons  move  outward  as  well  as  inward,  but  the 
first  appearance  of  the  visible  corona  will  occur  when  the  wire 
is  on  the  positive  phase.  After  the  discharge  is  established,  the 
iom'zation  is  very  copious,  and  it  probably  occurs  on  both  phases. 
That  the  discharge  will  occur  when  the  wire  is  on  the  positive 
phase,  is  shown  by  the  experiments  of  Prof.  Townsend,  {Phil. 
Mag.,  April,  1914)  who  finds  that  for  all  pressures  greater  than  5 
to  8  cm.  of  mercury,  the  discharge  occurs  at  a  less  gradient  for 
wire  positive  than  when  it  is  negative.  The  contrary  is  the  case 
for  smaller  pressures.  This  theory  is  applied  only  at  pressures 
greater  than  5  cm.  mercury.  Professor  Bennett's  own  experi- 
ments were  made  at  1  cm.  pressure.  He  finds  in  this  case  that 
the  discharge  first  occurs  when  the  wire  is  negative.  This  also 
was  observed  by  Professor  Townsend.  No  matter  whether  the 
discharge  occurs  when  the  wire  is  positive  or  negative,  the  greater 
part  of  the  ionization  by  impact  is  due  to  the  negative  ions. 

Professor  Bennett  also  has  difficulty  with  the  constancy  of  the 
left  member  of  equation  (6).  The  n^  ions  crossing  Q  inward  are 
concentrated  by  the  curvature.  The  geometry  of  the  figure  will 
show  that  the  density  of  ionization  will  increase  as  the  no  ions  move 
inward  without  ionization  by  impact.  The  numbers  n  and  n^ 
refer  always  to  the  number  crossing  unit  area.  Now  if  the  total 
number  of  ions  outside  of  Q  is  constant,  then  it  is  evident  that  the 
number  Hq  crossing  the  surface  Q  will  be  less  as  b  is  larger.  The 
surface  of  a  cylinder  is  directly  proportional  to  its  radius. 

The  concentration  due  to  curvature  will  be  as  6  to  a,  and  the 
value  of  «o   will  be  inversely  as  b  for  any  given  case.     That  is, 

one  is  justified  in  assuming  (-   — )  to  be  approximately  constant. 
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ELECTRICTTY  THE  FUTURE  POWER  FOR  STEERING 

VESSELS 


BY  H.  L.  HIBBARD 

Abstract  of  Paper 

Electrical  development  in  the  marine  field  has  been  confined 
in  a  large  measure  to  the  navy,  and  the  best  experience  with 
electric  steering  gears  has  been  obtained  from  navy  installations. 

Up  to  the  present  time  steam  has  been  the  universal  power 
for  operating  steering  gears,  but  certain  disadvantages  are  in- 
herent in  this  system  which  can  be  overcome  by  the  electric 
drive,  and  additional  advantages  obtained.  The  history  of 
electric  gears  shows  that  many  different  schemes  have  been 
tried  and  proved  failures  owing  to  faulty  designs  and  imperfectly 
developed  apparatus.  At  present  several  dmerent  systems  are 
in  successful  operation. 

To  obtain  full  benefit  of  the  advantages  possible  from  an 
electric  drive,  much  depends  on  the  selection  of  apparatus  with 
characteristics  best  suited  to  the  work.  The  problem  of  electric 
drive  is  largely  one  of  control.  The  calculations  for  rudder  and 
motor  horse  powers  must  be  carefully  made,  with  the  proper 
assumptions  for  the  conditions  presented. 

Several  installations  in  the  navy  have  shown  excellent  results; 
in  the  case  of  the  battleship  Texas  the  data  obtained  show  pre- 
liminary calculations  were  quite  accurate.  Results  obtained 
seem  to  justify  the  prediction  that  electric  steering  gears  will 
be   used   quite   generally   in   the   future. 


THE  MARINE  field  has  probably  been  one  of  the  most 
backward  in  the  adoption  and  development  of  electrical 
apparatus  owing,  in  part,  to  natural  causes,  such  as  high  first  cost 
of  electrical  over  steam  machinery,  the  long  familiarity  aboard 
ship  with  steam  machinery,  and  the  somewhat  higher  order 
of  care  and  inspection  required  for  electrical  apparatus;  but  in 
the  main  we  believe  it  has  been  due  to  the  traditional  con- 
servatism of  the  seafaring  man  and  his  reluctance  to  try  some- 
thing new  when  that  which  has  been  used  before  seemed  to  answer 
the  purpose,  owing  in  a  large  measure,  doubtless,  to  his  belief 
that  this  policy  insured  the  greatest  protection  to  the  lives  and 
property  under  his  care.  The  most  conspicuous  exception  to 
this,  however,  has  been  the  American  navy,  which  is  not  only  a 
larger  user  of  electrical  machinery  than  the  merchant  marine, 
but  also  leads  the  navies  of  the  world  in  this  respect. 
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During  the  last  few  years,  however,  considerable  attention  has 
been  given  to  the  development  of  electricity  on  board  ship,  and 
to  many  of  the  auxiliaries  we  have  seen  its  application,  as  well 
as  to  the  electric  propulsion  of  ships,  which  is  now  also  being 
given  careful  consideration.  One  of  the  auxiliaries  of  the 
greatest  importance  to  the  operation  of  the  ship  and  which  also 
involves  some  of  the  most  interesting  engineering  problems,  to 
which  electric  power  and  control  is  now  being  applied,  is  the 
electric  steering  gear.  In  line  with  our  previous  statement, 
however,  the  greatest  use  of  electricity  for  this  purpose  has  been 
in  the  navy,  and,  therefore,  our  future  statements  will  refer  in  a 
large  measure  to  naval  installations  of  electric  steering  gears. 

The  Steam  Steering  Gear 

Large  steamers  of  the  present  day  are  fitted  with  either  the 
ordinary  form  of  rudder  or  with  a  balanced  rudder,  battleships 
being  almost  invariably  fitted  with  the  balanced  type  in  order 
that  they  may  maneuver  more  quickly.  Fig.  1  illustrates  the 
general  arrangement  of  a  steering  gear  controlled  by  a  steam 
engine  on  a  warship,  operating  a  partially  balanced  rudder. 

Practically  all  steamers  except  those  of  the  smallest  size  at  the 
present  time  make  use  of  steam  power  for  moving  the  rudder,  and 
in  addition  to  this  power  drive,  most  equipments  include  pro- 
vision for  steering  by  hand  either  through  handwheels,  geared 
to  the  steering  gear,  or  by  block  and  tackle  to  the  tiller.  The 
possibility  of  accident  to  the  prime  mover  and  the  importance  of 
avoiding  a  complete  breakdown  renders  the  addition  of  the 
manual  drive  necessary,  although  the  rate  of  turning  with  the 
hand  gear  is,  of  course,  much  slower  than  with  power. 

The  successful  introduction  of  steam  power  for  operating  the 
rudder  was  made  about  1866,  by  McFarlan  Grey.  A  steam 
gear  designed  by  him  was  placed  on  the  Great  Eastern  and 
the  ease  with  which  steering  could  be  done  under  the  new  power 
as  contrasted  with  the  old  hand  method,  led  to  its  rapid  adoption 
on  all  classes  of  steamers.  Improvements  have,  of  course,  been 
made  in  details,  better  engines  being  now  made  than  formerly 
and  better  control  of  them  obtained,  but,  nevertheless,  the 
present  steam  equipment  does  not  vary  greatly  from  the  first 
one  installed. 

The  control  of  the  valve  of  the  steam  engine  from  the  bridge 
has  been  accomplished  in  various  ways,  in  some  cases  by  direct 
shafting  and  gears  from  the  steering  wheel,  in  others  by  \\4re 
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rope  transmissions  called  tiller  ropes,  and  in  other  installations, 
particularly  of  large  capacity,  by  hydraulic  telemotors.  In 
practically  all  cases,  however,  the  control  has  been  by  what  has 
been  known  as  the  follow-up  system,  in  which  the  arrangement 
of  valve  gear  is  such  that  the  steam  is  cut  off  and  the  rudder 


Fig.   1— Steeri 


stopped  at  the  anjjle  corresponding  lo  the  position  at  which 
ihe  helmsman  has  set  his  steering  wheel.  With  this  arrangement 
the  helmsman  turns  his  wheel  to  the  angle  desired  as  shown  by  the 
indicator  on  the  steering  stand,  and  without  further  operation 
of  the  wheel  the  rudder  moves  to  this  point  and  is  automatically 
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stopped.  This  system  of  control,  we  believe,  has  been  used  in 
practically  all  classes  of  vessels,  ^\4th  the  possible  exception  of 
some  large  river  steamers,  and  has  been  so  generally  used  for  many 
years  as  to  be,  in  the  mind  of  the  mariner,  an  integral  part  of  a 
steering  mechanism. 

Notwithstanding  the  general  popularity  of  the  steam  drive  and 
the  excellent  service  which  it  has  performed  for  years  on  thous- 
ands of  vessels,  there  are  certain  disadvantages  which  are  in- 
herent in  the  system,  some  of  which  are  as  follows: 

1.  With  the  boilers  near  the  center  of  the  ship  and  with  the 
steering  engine  usually  at  the  stem  or  in  some  cases  way  forward, 
long  and  expensive  lines  of  steam  piping  are  required,  and  a 
careful  design  for  the  leads  of  piping  must  be  made  in  order  to 
clear  stowage  in  store  rooms,  ammunition  or  other  spaces  through 
which  they  must  run.  They  must  be  well  insulated  to  avoid 
heavy  condensation  losses  in  the  steam,  as  well  as  to  reduce  as 
much  as  possible  the  rise  in  temperature  of  spaces,  especiallv 
powder  magazines  on  war  vessels.  Even  the  weight  of  the  pip- 
ing, lagging,  bulkhead  fittings,  etc.,  is  often  a  considerable  item, 
and  in  the  case  of  a  battleship  this  will  amount  to  about  three 
tons,  being  equal  to  about  45  per  cent  of  the  weight  of  the  steer- 
ing engine  itself. 

2.  Considerable  steam  is  wasted  due  to  valve  setting,  it 
being  common  practise  to  set  the  valves  of  the  steam  engine  so 
that  even  when  the  rudder  is  at  rest  a  considerable  amount  of 
steam  is  blowing  through  the  engine.  The  steam  steering 
engine  usually  takes  steam  full  stroke  and  for  this  and.  other 
reasons  is  an  exceedingly  inefficient  mechanism. 

3.  The  engine  must  be  designed  to  do  the  maximum  work 
required  of  it,  that  is,  all  parts  of  the  engine  must  be  of  sufficient 
size  and  strength  to  develop  the  power  required  at  the  maximum 
rudder  angle,  which  is  reached  but  very  infrequently  in  ordinary 
steering.  The  engine  does  not  lend  itvSelf  to  overloads  as  does 
an  electric  motor,  which  point  is  of  the  greatest  importance 
and  will  be  given  special  consideration  later. 

4.  The  steam  engine  is  provided  with  reciprocating  parts 
which  are  subject  to  severe  stresses  when  the  engine  speeds  up 
due  to  sudden  decrease  of  load  on  the  rudder  as  it  is  moved  back 
to  a  central  position.  These  reciprocating  parts  do  not  produce 
a  uniform  torque,  as  in  the  case  of  a  rotating  armature,  and  they 
ftulhermore  are  the  source  of  considerable  vibration  in  the 
operation  of   the   gear.     When   in   harbors   the   steam   engine 
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requires  turning  over  at  rather  frequent  intervals  to  prevent 
piston,  cylinders,  etc.,  from  becoming  rusty. 

5.  The  mechanical  connections  from  the  bridge  to  the 
engine  valve  are  a  considerable  source  of  trouble,  and  wire  rope 
leads  frequently  wear  out.  The  necessity  of  running  these 
mechanical  connections  through  compartments  and  watertight 
bulkheads  is  the  source  of  difficulties  in  the  construction  of  the 
ship,  and  in  the  case  of  wire  ropes,  there  must  be  continual  care 
exercised  to  keep  the  tubes  through  which  they  pass  filled  with 
grease,  reducing  the  friction  wear  to  a  minimum.  If  these 
mechanical  parts  are  not  kept  in  excellent  condition  the  friction 
causes  the  steering  wheel  to  be  operated  with  considerable 
effort  and  breakage  of  these  parts  has  not  been  an  uncommon 
occurrence. 

Results  to  be  Accomplished  by  the  Use  of  Electric  Drive 

With  the  electric  gear  it  is  not  only  possible  to  overcome,  at 
least  in  a  great  measure,  the  disadvantages  enumerated  above  for 
the  steam  engine,  but  it  is  also  possible  to  obtain  a  flexibility, 
simplicity  and  accuracy  of  control  not  permissible  with  the  steam 
gear.  The  results  to  be  accomplished  by  the  installation  of  the 
electric  steering  gears  are,  therefore: 

1.  The  reduction  of  the  weight  and  space  occupied  by  the 
driving  mechanism; 

2.  The  suppression  of  heat  in  the  spaces  adjacent  to  the  gear; 

3.  The  elimination  of  accidents  which  may  occur  in  the 
bursting  of  steam  pipes; 

4.  The  reduction  of  vibration  and  noise  and  increase  in  habit- 
ability,  due  to  these  factors; 

5.  The  obtaining  of  a  mechanism  very  much  more  efficient 
in  its  operation  than  the  steam  equipments; 

6.  The  simplification  of  the  means  of  controlling  the  mech- 
anism from  the  bridge,  with  increase  in  the  ease  of  operation 
for  the  helmsman; 

7.  The  increase  in  rapidity  and  accuracy  of  response  of  the 
rudder  to  the  movements  of  the  controlling  mechanism. 

History  of  Electric  Gears 

The  subject  of  electric  steering  gears  has  been  given  some 
attention  by  engineers  for  the  past  15  or  20  years,  but  within 
recent  years  only  has  the  matter  been  given  sufficient  attention 
or  the  electrical  apparatus  developed  to  such  a  point  as  to  per- 


624  HIBBARD:  ELECTRICITY  FOR  STEERING       [May  19 

mit  of  successful  results  being  attained.  Several  electric  steering 
gears  of  different  types  have  been  tried  in  foreign  na\'ies,  but  it  is 
not  known  whether  any  of  them  have  proved  completely  satis- 
factor\'.  In  a  great  many  cases  after  being  thoroughly  tried  out 
they  have  been  stripped  and  the  steam  gear  again  used,  some 
doubtless  being  defective  in  design  and  some  jn  the  perfection 
of  details,  but  others  failed  due  in  a  large  measure  to  flaws  in  the 
controlling  apparatus. 

At  the  present  time  motors  and  controlling  appliances  have 
been  developed  to  such  a  point  as  to  permit  readily  of  the 
solution  of  the  problems  involved  and  also  to  render  their  per- 
formance reliable  and  trustworthy.  The  main  feature  in  the 
electric  steering  gear  has,  however,  become  one  of  control,  and  too 
much  emphasis  cannot  be  laid  on  this  point.  This  problem  of 
control  has  been  attacked  by  several  radically  different  schemes, 
the  principal  ones  being  outlined  below. 

Direct  current  is  used  universally  on  board  ship,  with  pressiu-es 
varying  from  80  to  220  volts;  the  present  standard  in  the  Ameri- 
can navy  is  125  volts,  with  many  of  the  older  ships  provided  with 
80-volt  equipments,  while  in  the  German  navy  the  voltage  is 
220,  and  the  same  is  now  being  considered  by  the  U.  S.  naval 
authorities  and  has  recently  been  adopted  on  one  of  the  latest 
battleships  as  a  trial  experiment.  It  is  not  necessary',  further- 
more, to  give  consideration  to  the  use  of  alternating-current 
motors  for  operation  of  steering  gears,  this  current  not  being 
employed  to  any  extent  on  shipboard,  and  such  motors  would 
not  give  the  varying  torque  and  speed  characteristics  which  are 
•here  especially  desirable. 

One  of  the  eariiest  electric  steering  gear  systems  considered 
in  this  country  was  known  as  the  Van  Duzer-Mason  system  and 
was  patented  about  1893  and  is  described  in  the  Proceedings 
of  the  U.  S.  Naval  Institute  of  that  year.  This  system  contem- 
plated the  use  of  a  motor  direct -connected  to  the  rudder  mech- 
anism and  its  operation  controlled  by  a  simple  form  of  control- 
ling device  operated  on  the  follow-up  system,  but  so  arranged  as 
to  follow  up  at  only  a  limited  number  of  definite  angles  of  rudder 
travel,  and  produced,  therefore,  a  very  coarse  control.  It  is  not 
known  on  what  vessels  this  scheme  may  have  ever  been  tried. 

Several  systems  involving  the  use  of  magnetic  clutches  be- 
tween the  motor  and  rudder  gear  and  of  differentially  controlled 
mechanisms  have  been  tried,  but  for  various  reasons  have  not 
proved  successful. 
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One  of  the  first  successful  electric  steering  gears  is  that  designed 
by  Mr.  Mathias  Pfatischer  and  known  as  the  Platischer  system. 
This  gear  was  placed  on  eight  of  the  Imperial  Russian  naval 
vessels,  a  number  of  which  were  destroyed  or  captured  by  the 
Japanese  during  the  recent  Russo-Japanese  war.  It  was  also 
installed  on  two  large  liners  built  in  this  country  for  the  Pacific 
trade  and  has  been  in  constant  use  since  1902  on  the  liner  Fin- 
land. One  equipment  has  also  been  installed  by  the  U.  S.  Navy 
on  the  cruiser  Montgomery  and  we  understand  its  operation  has 
been  generally  quite  satisfactory. 

This  system  generally  employs  a  shunt  motor  for  operating 
the  rudder,  which  is  controlled  with  the  varying  voltage  sys- 
tem by  a  motor-generator  set  especially  supplied  for  the  pur- 
pose. The  field  of  the  generator  or  generator  exciter  is  control- 
led from  the  steering  stand  at  the  bridge  on  the  Wheatstone 
bridge  principle,  the  bridge  being  formed  by  one  rheostat  located 
at  and  operated  by  the  steering  stand  and  the  other  located  at 
and  operated  from  the  rudder  crosshead.  The  unbalancing  of 
the  bridge  rheostat  by  the  movement  of  the  wheel  gives  current 
to  the  generator  field  and  therefore,  voltage  and  current  to  the 
rudder  motor.  The  balancing  of  the  bridge  again  by  the  move- 
ment of  the  rudder  crosshead  cuts  off  ciurent  from  the  gen- 
erator field  and  the  motor  is  stopped,  constituting  an  electric 
follow-up  control. 

Objections  which  may  be  offered  to  this  system  are  the  size, 
weight  and  cost  of  the  motor-generator  set,  which,  furthermore, 
is  always  in  rotation  even  though  the  rudder  is  at  rest,  and  the 
no-load  current  of  this  set  is  an  appreciable  amount,  being  as 
much  as  25  to  30  amperes  on  sets  as  small  as  25  h. p.  With  this 
type  of  follow-up  also  the  available  power  of  the  rudder  motor  is 
proportional  to  the  unbalancing  of  the  Wheatstone  bridge 
and  approaches  zero  as  the  balanced  position  is  reached,  which 
is  the  point  frequently  where  the  maximum  torque  is  desirable, 
and  the  result  must  be  the  installation  of  a  motor  larger  than 
would  otherwise  be  necessary. 

Several  years  ago  the  Navy  Department  became  interested  in 
the  question  of  steering  its  ships  by  electricity  owing  to  the  pos- 
sibilities presented  of  effecting  the  economies  outlined  above 
for  the  electric  gear.  In  about  1902  the  Department  devised 
a  steering  gear  operated  on  the  follow-up  system,  and  purchased 
apparatus  of  different  manufacturers  to  effect  an  installation 
on  one  of  the  small  monitors  which  had  been  recently  constructed. 
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The  results  obtained  from  this  equipment  were  notsatisfactor>'. 
The  question,  however,  remained  under  discussion  for  a  number 
of  years  until  about  1909,  when  a  contract  was  placed  for  sup- 
plying an  electric  steering  gear  for  the  cruiser  Des  Moines  as  an 
auxiliary  to  the  steam  engine  outfit.  For  this  purpose  the  use  of 
an  electric  motor  taking  its  power  directly  from  the  dynamo 
mains  and  operated  by  a  powerful  automatic  controller,  thus 
eliminating  the  necessity  of  a  motor-generator  outfit,  was  ad- 
vocated. The  contract  specified  that  no  payments  should  be 
made  unless  the  gear  proved  itself  satisfactory  in  service  and  in 
the  event  of  its  failure  it  was  to  be  removed  by  the  contractor  at 
his  expense.  The  contract  fiuther  required  the  control  of  the 
motor  to  be  similar  to  that  of  the  steam  engine,  i.e.,  the  follow-up 
system  must  be  employed,  and  to  accomplish  this  a  small  follow- 
up  dnmi  controller  was  provided  in  the  steering  engine  room  and 
operated  differentially  by  the  ship's  tiller  rope  from  the  wheel 
on  the  bridge  and  the  motor  driving  shaft. 

The  preliminary  trials  of  this  arrangement  of  gear  were  quite 
successful,  although  the  writer  foimd  upon  going  aboard  the  ves- 
sel before  the  trials,  that  the  officers  and  crew  were  prejudiced 
against  the  electric  gear  and  considered  it  an  unwelcome  visitor 
on  their  vessel.  After  the  successful  preliminary  trials  of  the 
follow-up  gear  the  prejudice  was  overcome  and  it  was  then 
suggested  that  a  non-follow-up  type  of  control  would  be  much 
simpler  and  easier  to  operate,  but  the  reply  was  made  that 
officers  and  men  had  steered  with  the  follow-up  system  for  years 
and  it  was  foolhardy  to  think  of  adopting  any  other  type.  After 
considerable  persuasion,  however,  permission  was  granted  to 
install  on  the  bridge  a  small  reversing  switch  controUer  operating 
the  main  controUer  through  four  small  wires  and  thus  entirely 
cutting  out  of  the  operation  the  steering  wheel  and  the  tiller  rope 
connections.  After  about  a  month's  trial  of  this  system  of  con- 
trol the  first  report  to  the  Department  states  in  effect  that  the 
quartermaster  and  helmsmen  learned  to  steer  by  this  new  method 
in  about  five  minutes  and  now  much  preferred  it  to  the  old 
wheel  control.  Steering  by  the  non-follow-up  system  on  this 
vessel,  therefore,  became  the  prevailing  fashion. 

Although  the  reports  from  the  Des  Moines  were  of  a  satisfac- 
tory nature,  the  Navy  Department  was  still  naturally  doubtful 
about  the  use  of  electric  steering  equipments,  especially  as 
regards  the  elimination  of  the  follow-up  principle.  It  was  de- 
cided, therefore,  to  install  such  a  gear  as  this  on  the  scout  cruiser 
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Chester,  to  be  operated  only  by  the  non-follow-up  system,  and 
remove  the  steam  gear  entirely  in  order  that  confinning  opinions 
might  be  obtained  of  abandoning  the  time-honored  follow-up 
coutrol  and  of  steering  naval  vessels  by  electricity.  Contract 
was,  therefore,  placed  for  the  installation  of  a  similar  equipment 
of  75  h.p.  on  the  Chester  as  against  the  Des  Moines*  40  h.p.  equip- 
ment, and  this  installation  was  completed  the  eariy  part  of  1912, 
about  two  and  one-half  years  after  the  first  installation  had  been 
made  on  the  Des  Moines,  The  motor  with  disk  brake  for  the 
Chester's  equipment  is  shown  in  Fig.  2. 

Since  this  time  installations  of  the  same  type  of  gear  of  150  h.p« 
capacity  have  been  made  on  the  battleships  New  York  and  Texas, 
A  further  description  of  these  equipments  and  of  many  of  the 
results  obtained  will  be  given  later. 

Other  installations  of  electric  steering  gears  have  recently 
been  effected  by  another  manufacturer  on  the  Argentine  battle- 
ships Rivadavia  and  Moreno ^  which  are  just  reaching  completion 
at  shipyards  in  this  country.  These  equipments  consist  of  a 
150-h.p.  motor,  400  to  600  rev.  per  min.,  operated  with  combined 
rheostatic  and  field  control.  The  motor  operates  the  rudder  at  a 
lower  rate  of  speed  than  the  steering  gear  engine,  to  which  it  is 
considered  an  auxiliary,  the  requirements  being  hard-over  to 
hard-over  in  40  sec.     The  motor  in  question  is  shown  in  Fig.  3. 

The  controller  consists  of  a  contactor  panel  provided  with  fotu" 
reversing  contactors,  a  dynamic  brake  contactor,  five  acceler- 
ating contactors  and  other  small  contactors  for  controlling  the 
field  strength  and  the  electromechanical  brake. 

The  master  controller  is  driven  by  a  differential  gear  in  order 
to  provide  the  follow-up  feature.  Transmission  from  the 
steering  wheel  to  the  steering  room  is  accomplished  by  hydraulic 
telemotor  or  wdre  ropes  that  are  used  for  the  steam  engine  con- 
trol. The  steam  valve  may  be  disengaged  by  a  clutch,  and  the 
part  of  the  differential  gear,  which  operates  the  controller, 
connected  in  place  of  it,  and  the  other  part  of  the  differential 
gear  is  connected  to  the  steering  gear  itself.  When  the  controller 
is  turned  to  a  certain  point  by  the  steering  wheel,  the  motor 
begins  to  turn  and  will  continue  to  turn  until  the  action  of  the 
differential  gear,  driven  by  the  steering  gear  itself,  turns  the 
controller  to  the  **  off  ''  position  and  stops  the  motor. 

The  first  position  of  the  controller  closes  the  proper  reversing 
contactors  and  the  current  passes  through  the  armature  and  all 
of  the  starting  rheostat.     The  first  accelerating  contactor  then 
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closes,  and  after  the  motor  has  speeded  up  sufficiently  the  next 
contactor  automatically  closes,  allowing  the  remaining  three  to 
follow  quickly  after  each  other,  bringing  the  motor  up  to  the 
speed  corresponding  to  the  full  field  strength.  If  the  controller 
is  turned  fiuther  than  this,  one  of  the  field  contactors  is  opened 
and  the  field  weakened;  a  little  further  motion  of  the  controller 
opens  the  second  field  contactor,  still  fiuther  increasing  the  speed. 

A  limit  switch,  carried  on  the  same  shaft  as  the  master  control- 
ler cylinder,  automatically  strengthens  the  field  of  the  motor 
when  the  rudder  has  been  turned  to  a  certain  definite  angle 
from  the  mid  position,  and  at  a  greater  angle  the  field  is  strength- 
ened still  more,  bringing  it  up  to  its  full  field  strength.  This 
provides  an  increased  torque  per  ampere  when  the  rudder  is  a 
considerable  angle  from  the  mid-ship  position. 

As  the  rudder  returns  to  the  position  for  which  the  steering 
wheel  is  set,  the  controller  is  turned  to  the  **  off  *'  position,  and 
if  the  rudder  should  be  inside  of  the  limits  of  10  deg.  either  side 
it  will  be  running  at  full  speed.  Just  before  the  "  off  "  position 
is  reached  the  field  is  strengthened  by  one  contactor.  This  in- 
crease of  field  strength  causes  a  current  to  flow  from  the  motor 
armature  into  the  line,  exerting  a  dynamic  braking  effect  and  re- 
ducing the  speed  of  the  motor.  A  moment  later  the  field  is 
strengthened  again  with  the  same  eft'ect,  so  that  at  the  instant 
the  main  contactors  open  and  the  motor  is  disconnected  from 
the  line,  the  speed  has  been  considerably  reduced.  The  dy- 
namic brake  is  then  ap])licd  by  the  action  of  the  proper  contactor 
and  the  electromechanical  brake  follows  an  instant  later. 

As  is  later  shown,  the  use  of  a  compound  winding  exerts  a 
greater  torque  per  ampere  with  heavy  loads,  but  ON\4ng  perhaps 
to  the  relatively  high  speed  of  the  armature  and  the  necessity  of 
very  accurate  stopping  with  the  follow-up  control,  it  seems  to 
have  been  considered  advisable  to  produce  a  slowing  down 
effect  before  the  brakes  were  applied.  For  that  reason  a  shunt 
field  was  used  on  these  equipments,  which  can  be  strengthened 
just  before  disconnecting  from  the  line.  The  motor  is  provided 
with  a  small  amount  of  series  field  winding  but  it  is  essentially, 
in  its  characteristics,  a  shunt  motor. 

The  limit  switch,  ])esides  performing  the  function  of  strength- 
ening the  field  at  certain  positions  of  the  rudder,  will  also  cut  off 
the  power  at  the  end  of  its  movement  if  it  is  not  already  cut  off 
by  the  movement  of  the  controller.  An  overload  relay  is  pro- 
vided, which  re-inserts  the  starting  resistance  in  the  armature 
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circuit  in  case  of  overload,  instead  of  interrupting  the  circuit 
entirely. 

We  believe  these  equipments  have  not  yet  been  tried  out  in 
service  and  we  cannot,  therefore,  comment  on  results  obtained. 

The  same  company  is  also  providing  an  electric  steering  gear  for 
the  American  navy,  which  is  to  operate  the  rudder  in  the  same 
time  as  required  of  the  steam  engine.  The  equipment  consists 
of  a  rudder  motor,  motor-generator,  switchboard,  steering 
stands,  selective  switch  and  limit  switch.  The  speed  of  the 
motor  is  controlled  by  varying  the  field  strength  of  the  generator 
according  to  the  variable- voltage  system  and  the  system  has  no 
follow-up  device.  The  motor  is  rated  at  350  h.p.  and  when  op- 
erating at  rated  voltage  and  full  load,  has  a  speed  of  250  rev.  per 
min. 

The  motor-generator  is  rated  at  290  kw.  output  and  runs  at  a 
speed  of  1000  rev.  per  min.  The  motor  has  an  accumulative 
compound  winding  and  the  generator  a  differential  compound 
winding,  so  that  the  extreme  overloads  of  voltage  on  the  genera- 
tor will  be  reduced  both  by  reduction  of  speed  and  by  the  demag- 
netizing effect  on  the  generator  field ;  also  the  reduction  of  speed 
will  deliver  considerable  energy  for  a  few  seconds  to  the  genera- 
tor circuit.  The  motor  of  the  set  is  wound  for  120  volts  to  agree 
with  the  ship's  voltage,  but  the  generator  and  the  motor  which 
moves  the  rudder  are  wound  for  250  volts.  The  steering  gear 
motor  is  compound- wound,  taking  series  current  from  the  arma- 
ture of  the  motor  driving  the  motor-generator,  and  the  shunt 
field  is  strengthened  by  a  relay  at  a  definite  overload  on  the  motor. 

There  are  four  steering  stands;  three  of  them  forward  and  one 
aft,  anyone  of  which  may  be  connected  to  the  panel  by  means 
of  a  selective  switch. 

The  controlling  panel  contains  the  necessary  contactors  for 
starting  up  the  motor  of  the  motor-generator  set,  as  well  as 
an  ammeter  and  an  overload  relay,  for  the  generator  the  neces- 
sary field  switches  and  ammeter  and  voltmeter,  also  the  motor 
field  relay  for  strengthening  the  field  of  the  steering  gear  motor 
and  a  step-back  relay  which  inserts  resistance  into  the  field  of  the 
generator  in  case  of  excessive  overload,  performing  the  same  pur- 
pose as  the  overload  relay  in  the  rheostatic  system  previously  de- 
scribed. 

The  various  steering  stands  have  three  speed  positions  in 
each  direction;  in  the  first,  the  field  of  the  generator  is  excited 
to  give  a  low  voltage  for  slow  speed;  the  next  step  strengthens  the 
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field,  and  the  next  step  fully  excites  the  generator  field,  giving 
full  speed  of  the  motor. 

The  limit  switch,  which  is  operated  by  the  steering  gear,  is 
provided  to  cut  off  power  at  an  extreme  movement  in  either 
direction  without  interfering  with  the  return  motion  after  the 
steering  stand  is  reversed. 

In  connection  with  this  system,  the  same  criticism  may  be 
offered  as  regards  size,  weight  and  power  required  to  operate  the 
motor-generator,  as  was  mentioned  in  case  of  the  Pfatischer  sys- 
tem. 

Description  of  150-h.p.  System  on  Battleship  Texas 

It  is  not  the  piu^pose  of  this  paper  to  draw  close  comparisons  be- 
tween the  featiu^es  and  merits  of  the  several  electric  systems  of 
different  manufacturers  which  have  been  proposed  or  installed 
and  which  are  at  present  receiving  the  close  attention  of  the 
Navy  Department  and  others  interested,  but  rather  to  point 
out  the  salient  featiu^es  of  these  different  systems.  Our  future 
remarks  apply  largely  to  the  system  previously  referred  to,  taking 
power  directly  from  the  dynamo  mains,  with  which  the  writer  is 
most  familiar  and  from  which  also  otu"  data  have  been  principally 
obtained.  As  an  illustration  of  this  system  and  of  many  of  the 
points  to  be  covered  in  the  design  of  an  electric  steering  gear  we 
give  a  description  of  the  apparatus  and  design  of  the  installation 
on  the  battleships  Texas  and  New  York. 

The  electric  installation  on  the  Texas  and  New  York  (and  with 
few  minor  differences  those  of  the  Des  Moines  and  Chester,  later 
transferred  to  the  Mississippi,  were  exactly  the  same  except 
as  to  reduction  in  horse  power)  includes  the  electric  motor  with 
disk  brake  installed  in  the  steering  motor  compartment  as  il- 
lustrated in  Fig.  4,  the  main  automatic  controller  and  resistance 
near  the  motor,  and,  in  the  compartment  where  the  screw  gear 
is  located,  a  limit  switch ;  master  controllers  or  steering  stands  are 
furnished,  one  on  the  bridge,  one  in  the  conning  tower,  one  in  the 
central  control  station  and  one  in  the  steering  gear  room.  The 
steering  stand  is  shown  in  Fig.  5,  and  contains  within,  a  revers- 
ing switch  for  governing  the  main  contactor  controller  in  the 
motor  room.  The  reversing  switch  is  operated  by  the  lever 
shown,  and  closes  the  circuit  to  the  contactors  of  the  auto- 
matic controller  through  several  contact  fingers.  A  latching 
device  retains  the  lever  in  the  center  position ;  the  pressure  of  the 
hand  on  top  of  the  lever  releases  the  latch,  while  a  centering 
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Spring  acts  to  return  the  lever  to  the  "  off  "  position,  and  should 
the  hand  be  removed  from  the  lever  in  a  running  position  it  will 
immediately  restore  itself  to  the  central  point,  when  the  motor 
will  be  instantly  stopped. 

The  stand  is  so  arranged  that  a  small  movement  of  the  lever 
causes  the  motor  to  start  and  run  at  a  low  Speed,  and  further 
relatively  large  movements  cause  the  motor  to  accelerate  at 
once  to  full  speed.  Throwing  the  lever  in  the  reverse  direction 
reverses  the  rudder  motor,  so  that  it  is  simply  necessary  to  throw 
the  lever  to  right  or  left  according  to  direction  in  which  it  is 
desired  to  move  the  vessel.  About  60  deg.  movement  of  the 
operating  lever  in  either  direction  gives  full  control,  including 
starting,  stopping,  slow  and  fast  speeds  and  reverse,  which  fea- 
ture commends  itself  to  the  helmsman  especially,  as  quick  work 
is  frequently  required  in  maneuvering  the  vessel.  All  the  metal 
parts  of  the  steering  stand 
are  brass  and  no  magnetic 
interferences  are  occasioned 
by   installing  it    near    com- 


As  no  follow-up  control  is 
involved,  the  rudder  will  keep 
on  moving  as  long  as  the  oper- 
ating lever  is  held  in  .the  run- 
ning position,  and  is  stopped 
by  the  spring  return  of  the 

lever  to  the  central  point,  which  in  the  possible  case  of  casualty 
to  the  helmsman  would  prove  advantageous.  Shoiild  the  rudder 
for  any  reason,  however,  fail  to  stop  before  the  limits  of  travel 
are  reached,  a  limit  smtch  shown  in  Fig.  7  is  provided  to  prevent 
the  jamming  of  the  gear  at  the  hard-over  positions.  For  this 
type  of  control  the  position  of  the  rudder  is  at  any  instant 
determined  by  reference  to  the  helm  angle  indicator  always  ad- 
jacent to  the  steering  stand. 

The  main  control  panel  shown  in  Fig.  6,  with  its  front  sheet 
metal  covers  removed  for  the  purpose  of  illustration,  provides 
contactors  for  the  reversal  of  the  armature,  for  cutting  out 
resistance  and  accelerating  the  same,  for  operating  at  slow  speed 
and  for  dynamic  braking  in  the  otT  position.  An  overload  device 
is  provided  also,  which  in  the  event  of  jamming  the  gear  or  other 
extreme  overloads  automatically  limits  the  current  on  the  motor 
to  a  safe  value,  and  by  its  use  the  necessity  of  circuit  breakers 
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and  fuses,  whose  blowing  would  be  very  dangerous  to  the  operation 
of  such  a  system,  is  obviated.  The  electrically-operated  switches 
not  only  provide  effective  means  for  commutating  the  motor 
circuits  but  they  permit  the  running  of  wires  of  a  very  small 
section  to  the  steering  stations,  and  as  these  small  pilot  wires 
can  all  be  carried  in  one  lead  and  conduit,  this  feature  is  of  the 
utmost  importance. 

The  switches  are  of  a  very  strong  construction  and  easily 
capable  of  standing  the  repeated  operations  of  the  steering  gear. 
The  resistance  used  in  connection  with  the  controller  is  of  the 
cast  grid  type  and  also  especially  designed  for  heavy  duty.  In 
the  lower  right-hand  comer  of  the  cut  is  shown  a  small  double- 
pole  switch  which  functions  as  a  selective  switch  for  delegating 
the  control  to  one  of  two  steering  stations.  This  switch  was 
afterward  changed  in  design,  however,  to  provide  for  control 
from  four  or  five  different  stations  and  so  arranged  as  to  make  it 
impossible  to  steer  from  more  than  one  station  at  a  time. 

The  limit  switch  previously  referred  to,  consists  of  a  small, 
drimi  controller  whose  segments  are  connected  in  series  with  the 
secondary  circuits  from  the  main  controller,  so  that  when  the 
dogs  connected  to  the  traveling  nuts  of  the  screw  gear  engage  the 
lever  of  the  limit  switch  at  the  hard-over  position  and  open  the 
same,  the  main  contactor  switches  are  opened  and  the  equipment 
immediately  shut  down,  assisted  by  dynamic  braking  and  the 
motor  disk  brake  on  the  armature  shaft.  The  connections  are 
then  such  that  the  rudder  can  be  brought  back  in  the  reverse 
direction  by  movement  of  the  steering  stand  lever  in  that  direc- 
tion, and  when  the  rudder  moves  away  from  the  extreme  limit 
position  the  switch  is  restored  to  its  normal  position  automati- 
cally by  a  centering  spring. 

The  combined  motor  and  disk  brake  used  in  this  installation 
is  shown  in  Fig.  8.  The  motor  is  rated  at  150  h.p.,  250  rev.  per 
min.  at  120  volts.  The  motor  is  especially  designed  with  over- 
load capacity  to  operate  the  rudder  under  severe  conditions, 
taking  care  of  the  power  required  to  operate  under  the  infrequent 
conditions  of  rudder  at  extreme  angles  with  vessel  going 
ahead  and  backing  at  full  speed.  The  windings  of  the  motor, 
about  50  per  cent  series  and  50  per  cent  shunt,  give  variable 
speed  and  torque  characteristics  and  take  advantage  of  the  varia- 
tion in  load  from  center  to  hard-over  positions,  giving  a  quick 
response  to  the  rudder,  especially  in  the  central  angles,  and  heavy 
torques  at  the  extreme  angles,  and  permitting  the  installation  of 
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an  equipment  smaller  in  rated  horse  power  than  would  otherwise 
be  required,  especially  as  compared  to  a  steam  engine,  which 
point  has  been  previously  brought  out.  The  motor  is  capable  of 
carrying  100  per  cent  overload  for  short  periods  of  five  minutes 
or  more. 

This  installation  was  made  as  an  auxiliary  to  the  steam  gear 
and  the  requirements  for  the  operation  of  the  rudder  were  20 
deg.  right  to  20  deg.  left  in  20  seconds,  as  against  35  deg.  right  to 
left  in  20  seconds  for  the  steam  engine,  and  nattirally  resulting 
in  a  smaller  equipment  than  if  full  duty  had  been  required.  In  the 
case  of  a  later  battleship,  the  electric  gear  is  required  to  operate 
the  rudder  at  the  same  time  as  the  steam  engine  and  this  system 
has,  therefore,  been  provided,  for  that  vessel,  of  300  h.p.  capacity, 
dividing  the  same  between  two  motors  of  150  h.p.  each. 

Calculation  op  Horse  Power  for  the  Above  Installation 

When  a  vessel  is  underway  and  the  rudder  is  at  some  angle 
with  reference  to  the  keel  line  of  the  ship,  the  water  impinging 
on  the  rudder  surface  undergoes  a  change  in  momentum,  the  re- 
sult of  which  is  dynamic  pressure  against  the  rudder  and  twisting 
moment  about  the  rudder  stock.  The  center  of  application  of 
this  pressure  on  the  rudder,  which  varies  with  each  angle,  may 
be  found  by  the  use  of  some  empirical  formulas.  An  empirical 
formula  is  required,  as  the  lines  of  action  of  the  various  streams 
of  water  are  in  different  directions  at  various  parts  of  the  rudder, 
due  to  the  shape  of  the  vessel's  stem,  the  influence  of  friction 
against  the  hull,  the  action  of  the  propellers,  etc.  In  navy  work 
JoessePs  formula  is  principally  used,  in  which 

d  =  distance  of  center  of  pressure  from  forward  edge  of  rudder 
b  =  breadth  of  rudder 

a  =  angle  made  by  plane  of  rudder  with  line  of  motion 

then  d  =  0.1956  +  0.3056  sin  a 

The  twisting  moment  about  the  rudder  stock  is,  of  course, 
the  product  of  the  total  resultant  pressure  on  the  rudder  area, 
and  the  distance  d  of  the  point  of  application  of  the  pressure 
from  the  center  of  the  stock. 

LetP  =  total  pressure  on  the  rudder  in  pounds 
V  =  speed  of  ship  in  knots 
A  =  area  of  rudder  in  square  feet 
b  =  horizontal  length  of  rudder  plane 
d  ==  distance  of  center  of  pressure  from  leading  end  of  rudder 
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a  =  angle  of  rudder  with  fore  and  aft  plane 


then  P^^.QK  A  V^  X  ^^"  ^ 


0.39  +  0.61  sin  a 


Usually  35  deg.  is  the  maximum  helm  angle,  in  which  case 
P  =  3.57  KAV^  d  =  0.37  b 

For  battleships  and  cruisers  K  varies  from 0 .  60  to  0 .  75 

"   gunboats  and  small  slow  vessels  of  900  tons 

and   up,  K  varies   from 0.55  to  0.65 

"   torpedo  boats  and  destroyers  K  varies  from . .  0 .  45  to  0 .  55 

A  small  coefficient  is  associated  with  small  vessels,  relatively 
large  rudder  areas,  high  speed  of  the  ship  and  low  speed  of  helm; 
and  a  large  coefficient  is  associated  with  large  vessels,  relatively 
small  rudder  areas,  low  speed  of  ship  and  high  speed  of  helm. 

Theoretically  the  presstwe  P  will  increase  to  an  angle  of  45  deg. 
but  ordinarily  35  to  40  deg.  is  the  maximum  angle  of  rudder  throw. 
The  equipment  must  be  of  sufficient  size  so  that  when  the  rudder 
is  near  the  hard-over  position  sufficient  power  is  available  for 
its  operation,  and  this  point  is,  therefore,  of  chief  importance 
in  design  and  rating  of  the  motor.  In  the  case  of  the  steam 
engine  it  is  considered  that  with  one-half  of  the  full  boiler  pres- 
sure on  one  cylinder  it  should  have  sufficient  torque  to  move  the 
rudder,  the  crank  of  the  other  cylinder  being  supposedly  tempor- 
arily on  the  dead  center. 

The  pressure  P  and  the  center  distances  d  are  determined  from 
the  above  formulas  for  a  number  of  rudder  angles,  ranging  from 
center  to  hard-over  position,  and  the  twisting  moment  in  foot- 
pounds torque  for  each  angle  obtained  as  the  product  of  the  two. 

After  obtaining  the  twisting  moment  on  the  rudder  the  turning 
moment  at  the  prime  mover  is  to  be  ascertained  by  taking  into 
account  the  gearing  and  friction  losses  and  the  angularity  of  the 
connecting  links  in  the  case  of  a  screw  gear. 

The  calculated,  or  actual  curves  if  available,  of  the  compound 
motor  which  it  is  desired  to  use,  are  then  set  down,  as  illustrated 
in  Fig.  9,  in  the  form  of  percentage  speed  and  load  curves,  it 
here  being  of  the  greatest  importance  to  select  the  characteristics 
of  the  motor  in  such  a  way  as  to  take  the  greatest  advantage  of 
increasing  torque  with  increase  in  rudder  load. 
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A  curve  sheet  is  then  prepared  of  rudder  torque,  horse  power 
and  speed,  as  shown  in  Fig.  10.  The  rudder  torques  are  figured 
for  the  various  angles  from  the  formulas,  and  the  percentage 
rudder  torque  curve  then  calculated,  allowance  being  made, 
however,  in  the  rudder  torques  for  friction  of  the  rudder  stock, 
which  in  this  case  has  been  assumed  to  be  25  per  cent  of  the 
normal  calculated  rudder  torque.  On  curve  sheet  Fig.  9  it  will  be 
noted  that  the  motor  characteristics  have  been  chosen  to  give 
280  per  cent  torque  at  100  per  cent  overload  on  the  motor, 
and  as  we  desire  the  motor  to  have  about  100  per  cent  overload 
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at  35  deg,,  the  total  rudder  torque  at  35  deg.  therefore  represents 
280  per  cent  torque.  The  torque  at  35  deg.  representing  280  per 
cent,  the  100  per  cent  point  of  the  percentage  curve  is  readiU' 
found,  as  is  also  the  corresponding  normal  point  of  calculated 
rudder  torque  from  which  it  is  obtained  by  adding  the  25  per  cent 
for  friction.  We  have  thus  obtained  the  percentage  torque 
curve  and  the  100  per  cent  point,  where  the  motor,  of  the  charac- 
teristics which  we  have  chosen,  reaches  100  per  cent  torque  full 
load  and  normal  speed  and  which  point,  it  will  be  noted,  comes  at 
16  deg.  of  rudder  travel. 
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From  the  motor  curves  in  Fig.  9  the  percentage  motor  speed 
curve  can  now  be  easily  figured  in  per  cent  of  motor  speeds  for 
the  rudder  torque  or  load  at  the  various  angles.  Having  ob- 
tained the  percentage -torque  and  percentage -speed  curves,  the 
percentage-motor-horse  power  curve  is  readily  obtained  as  the 
product  of  the  two.  As  it  is  then  necessary  to  figure  in  this  case 
the  motor  speed  over  the  required  range  of  20  deg.  each  side  of  the 
center,  a  number  of  points  are  taken  on  the  percentagemotor  speed 
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Curves 

Maiimum    rudder  torque  and  povrer  calculated  Irom  1.860.000  ft-lb.  al  3S  dea.  rudder 


curves  from  0  to  20  deg.  and  the  average  obtained,  giving  us  in 
this  case  an  average  motor  speed  of  1 1 1  per  cent  over  a  range  of 
20  deg.  of  the  rudder  travel. 

The  requirement  that  the  rudder  must  be  operated  20  deg. 
right  to  20  deg.  left  in  20  seconds  gives  a  rudder  speed  of  0.333 
rev.  per  min.,  which  is  the  constant  average  speed  of  the  rudder 
throughout  this  range.  Dividing  this  quantity  by  lllpercent, 
a  rudder  speed  of  0.3  rev.  per  min.  at  full  speed  of  motor  is  ob- 
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tained  and  which,  it  will  be  noted,  obtains  at  the  16  deg.  angle. 
With  this  figure  as  a  basis  the  rudder  speed  for  the  other  angles 
of  throw  are  obtained  from  the  per  cent  speed  curve.  From  the 
figures  of  rudder  speed  and  the  corresponding  torque  in  foot- 
pounds at  this  same  angle,  the  horse  power  at  the  rudder  stock 
for  each  angle  is  obtained. 

Prom  the  curve  sheet  it  will  be  noted  that  the  rudder  torque 
at  35  deg.  is  1,860,000  ft-lb.,  and  at  16  deg.,  664,300  ft-lb. 
Therefore,  the  horse  power  at  the  rudder  stock  at  16  deg.  of  the 
rudder  is  38,  as  obtained  from  the  following  formula.  : 

•  torque  X2yX  rev. per min.       664,300  X  2yX0.3  _  «^ 

P*  "  33,000  "  33,000 

It  will  be  further  noted  that  the  assumption  has  been  made  in 
the  curve  sheet  of  35  per  cent  efficiency  for  the  screw  gearing, 
which  then  gives  us  a  normal  horse  power  of  108.5. 

From  the  arrangement  of  gearing  shown  in  Fig.  4  it  will  be 
noted  that  the  screw  has  a  lead  of  2^  in.  and  a  radius  of  yoke  40| 
in.,  therefore,  the  revolutions  of  the  screw  in  10  sec.  equal 

sin  20  deg.  X  40^  in.  _  ^  ^^ 

f^m  ""  o.d4  rev. 

For  one  minute  the  revolutions  of  the  screw  would  be  6  X  5.54, 
or  33.24  rev.  per  min.  With  an  average  motor  speed  of  250  X 
111  per  cent,  equal  to  277  rev.  per  min.,  we  have  a  ratio  between 
screw  shaft  and  motor  speed  of  33.24  to  277,  which,  therefore* 
gives  us  an  indication  of  the  spur  gear  ratios  which  are  to  be 
installed  between  the  screw  and  the  motor. 

The  ratio  then  determined  should  now  be  checked  against 
the  torque  required  to  move  the  rudder  at  35  deg.,  considering  the 
effect  of  the  angularity  of  the  screw  gear  links,  to  see  if  the  motor 
has  sufficient  torque  available  for  the  work  imder  these  conditions. 

'pu    4.               4.-      4.  oc  J            40.5Xcos35X2;r       ^^  _ 
The  torque  ratio  at  35  deg.  =  jr-r =  83.5 

277 
Therefore,  83.5 X  ^o^  =  ^^4  to  1,  total  ratio  at  35  deg. 

Torque  required  at  36  deg.  =  ^'^^  =  2680  ft-lb 
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Motor  torque  required  at  35  per  cent  efficiency  of  gearing 

^  =  7676  ft-lb. 

It  will  be  noted  the  curves  were  originally  based  on  a  120-h.p. 
motor,  the  normal  load  coming  at  16  deg.  and  100  per  cent  over- 
load at  35  per  cent,  and  the  calculations  above  would  seem  to 
indicate  that  this  motor  would  have  been  sufficient  for  the  service. 
The  government  did  not  wish  to  see  a  motor  of  less  than  150  h. p. 
installed,  and  this  was  provided.  Later  tests  on  other  instal- 
lations indicated  also  that  more  power  was  required  in  backing 
than  going  ahead  and  that  the  35  per  cent  efficiency  would  prob- 
ably not  be  obtained,  and,  therefore,  the  gear  ratio  as  actually 
installed  was  for  an  average  motor  speed  of  about  317  instead  of 
277  rev.  per  min.      Our  gear  ratio  is  therefore  33.24  to  317  and 

317 
the  torque  ratio  at  35  deg.  would  be  83.5 X  »q  o^  =  796  to  1,  in- 

Stead  of  694  to   1.     Therefore,    torque    required    at    35    deg. 
1,860,000 


796 
2335 


=   2335  ft-lb.      Motor  torque  required  at  35  deg. 


0.35 


=  6675  ft-lb. 


The  curves  of  actual  torque,  horse  power  and  speed  of  the  150- 
h.p.  motor  used  on  the  equipment  are  shown  in  Fig.  11,  and  it  will 
be  noted  that  the  above  calculated  torque  of  6675  ft-lb.  is 
equivalent  to  about  80  per  cent  overload  on  the  motors,  coming 
at  a  higher  point  than  indicated  on  the  horse  power  ctu^e  in 
Fig.  10,  owing  largely  to  the  fact  that  the  motor  has  slightly 
different  characteristics  from  those  assumed  in  Fig.  9. 

Some  Results  Obtained 

The  results  obtained  from  trial  tests  and  service  operation  of 
the  installations  of  this  gear  have  been  very  satisfactory,  and  the 
official  trials  of  some  of  these  will  be  reviewed  briefly. 

As  soon  as  the  Chester  installation  was  completed  the  early 
part  of  1912  and  the  vessel  put  to  sea,  she  was  ordered  to  meet 
the  Carpathia  at  the  time  of  the  Titanic  disaster,  and  was  en- 
gaged in  this  mission  about  a  week  during  the  initial  trial  of  the 
gear,  upon  which  she  had  to  rely  entirely  for  power  steering  and 
the  only  means  of  steering  from  the  bridge.     Shortly  after  the 
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completion  of  this  duty  she  was  ordered  to  the  ice  fields  to  re- 
port the  presence  of  icebergs  and  was  engaged  in  this  work  for 
several  weeks.  She  was  then  in  continuous  service  until  placed  in 
reserve  about  September  of  that  year,  and  although  the  perform- 
ance of  her  electric  gear  had  been  most  satisfactory,  the  gear  was 
then  removed  and  installed  on  the  battleship  Mississippi  and  the 
Chester's  steam  gear  replaced,  owing  to  the  fact  that  this  vessel 


10.   II— Actual    Curves— 150-h.p.    120-Volt,  250-rev.   per 
CoMPouSD-WouND,  Steerinc-Gear  Motor,  U.  S.  S.   Texai 


.pacity.     As  the  Depart- 
her  dynamo  capacity. 


was  supplied  ivith  a  limited  dynamo  c 
ment  decided  it  inadvisable  to  i 
this  procedure  was  necessary. 

As  a  result  of  these  trials  and  experiments  on  the  Chester  the 
commanding  officer  of  that  vessel  reported  that  he  considered  this 
steering  gear  device  unusually  satisfactory,  and  an  improvement 
on  the  steam  gear  with  telemotor  control: 
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1 .  In  accuracy  of  steering 

2.  In  the  ease  of  operation  for  the  helmsman 

3.  In  the  vibration  of  the  ship 

4.  In  the  heat  and  moisture  of  the  after  part  of  the  ship. 

He  further  stated  that  he  was  surprised  to  see  how  accurately 
and  with  what  little  motion  of  the  ship  it  was  possible  to  steer, 
and  that  the  response  of  the  rudder  to  the  movement  of  the 
master  switch  was  rapid,  and  that  the  helmsmen  were  able  to 
keep  the  ship  on  her  course  with  small  angles  of  helm  and  very 
little  effort.  The  executive  officer  of  the  same  vessel  in  his 
comments  stated  that  *'  From  my  observation  of  this  steering 
gear  I  should  say  that  the  non-follow-up  master-switch  type  of 
control  is  entirely  practical  and  suitable,  and  the  quartermasters 
and  helmsmen  all  prefer  the  master-switch  control  to  the  old 
wheel  control." 

It  is,  of  course,  very  natural  for  an  old  seaman  to  throw  his 
wheel  to  port  upon  receiving  an  order  to  starboard  his  helm,  but 
the  above  comments  show  that  these  seamen  are  able  readily 
to  learn  the  new  method,  and  one  of  its  most  natural  advantages 
is  that  to  steer  the  ship  to  starboard  or  port,  or  right  and  left,  as 
it  is  now  termed  by  the  Navy  Department,  the  helmsman  has 
simply  to  throw  the  operating  lever  in  the  direction  desired,  which 
is  the  most  logical  operation  to  perform  and  in  contradistinction 
to  the  old  system,  which  was  the  reverse  of  a  natural  tendency. 

An  analysis  of  the  conditions  and  of  the  electrical  apparatus 
provided,  indicates  quite  clearly  that  the  above  results  would 
naturally  follow,  especially  as  compared  with  the  steam  gear 
equipment.  The  operation  of  the  master  switch  is  naturally  easy 
for  the  helmsman,  and  there  being  no  lost  motion  or  mechanical 
parts  between  the  bridge  and  steering  room,  the  appreciable  time 
lag  with  the  old  steam  gear  is  eliminated.  This  absence  of  lost 
motion  and  the  natural  rapidity  with  which  a  motor,  particularly 
of  this  design,  can  be  accelerated,  gives  practically  instantaneous 
response  to  the  motion  of  the  operating  lever.  Over  the  center 
angles  of  travel  also,  where  the  major  part  of  the  steering  is  done 
and  load  is  light,  the  response  would  naturally  be  very  prompt 
and  the  speed  higher  than  at  the  extreme  angles. 

It  was  further  noted  by  the  officers  of  both  the  Des  Moines 
and  Chester  that  there  was  an  appreciable  saving  in  steam  con- 
sumption over  the  steam  engine,  and  it  should  be  noted  in  this 
connection  that  with  the  steam  engine  some  steam  is  always 
passing  through  the  engine  valves  even  with  the  rudder  standing 
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Still,  causing  a  waste  of  steam  in  addition  to  that  consumed  in  the 
operation  of  the  engine,  which  is  naturally  of  low  efficiency.  In 
the  case  of  the  electric  gear,  in  addition  to  its  natural  high  effi- 
ciency, the  motor  is  started  and  stopped  each  time  the  rudder  is 
started  and  stopped  and  the  current  is  entirely  cut  off  when  the 
rudder  is  at  rest. 

A  small  amount  of  heat  is  generated  in  the  rheostat  control 
of  the  motor  but  it  is  quite  insignificant  as  compared  with  that 
of  the  steam  engine  and  not  sufficient  to  cause  any  inconvenience 
in  the  compartments  adjacent.  On  the  Des  Moines  the  officers' 
mess  room  is  located  not  more  than  20  ft.  (6  m.)  from  the  steering 
engine  room,  yet  they  reported  no  inconvenience  whatever  from 
the  heat  experienced,  even  in  the  tropics. 

One  of  the  officers  on  the  Des  Moines  ^  after  a  cruise  through  the 
tropics,  reported  that  with  the  temperature  at  82  deg.  fahr.  on 
the  bridge,  that  of  the  steering  and  engine  room  was  98  deg.  fahr., 
and  the  comment  was  further  made,  which  forms  a  very  convinc- 
ing argument  in  this  connection,  that  a  quartermaster  on  the 
vessel  had  complained  that  "  in  the  old  days  when  we  had  steam 
on  here  we  could  dry  clothes  in  the  steering  engine  room  in  twenty 
minutes,  but  now  that  place  is  no  good  for  drying  clothes.'' 

We  are  also  pleased  to  include  the  final  comments  of  this  officer, 
Ensign  W.  A.  Edwards,  in  the  article  prepared  by  him  for  the 
Naval  Institute  Proceedings  after  he  had  served  some  time  on 
both  the  Des  Moines  and  Chester. 

*Trom  the  intimate  relations  which  I  have  had  with  this 
method  of  steering,  from  the  most  excellent  results  which  I  have 
seen  produced  and  from  the  numerous  advantages  which  it  seems 
to  possess  over  any  other  method  in  use  today,  I  cannot  help  but 
feel  that  the  electric  steerin^j:  gear  is  up-to-date  and  furthermore, 
that  it  has  come  to  stay." 

He  further  savs:  ''  In  summation  of  the  above  remarks  I 
would  say  that  at  the  time  of  the  present  writing,  Nov.  15,  1912, 
the  Des  Moines  has  covered  3600  miles  (5793  km.)  in  continuous 
service,  most  of  which  was  done  in  the  troi)Tcs,  during  which  time 
the  electric  steering  gear  was  used  constantly  \N'ithout  a  single 
breakdown  of  any  kind." 

With  reference  to  Ensign  I'>dwards's above  statement,  the WTiter 
wishes  to  explain,  however,  that  thereafter  a  few  minor  difficulties 
were  experienced  with  the  Des  Moines  gear  due  to  breakage  of 
certain  parts,  owing  to  the  largely  experimental  nature  of  her 
equipment.     The  installation  was  recently  overhauled  at   the 
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navy  yard,  the  minor  defects  in  this  first  installation  remedied, 
and  the  Des  Moines  is  again  in  the  tropics  with  the  electric 
gear  as  the  only  means  of  steering. 

The  battleship  Texas,  the  special  description  of  whose  gear  is 
given  above,  was  diuing  the  latter  part  of  October  on  her  official 
trial  trip,  lasting  in  all  about  12  days.  As  she  left  the  shipyard 
the  steam  steering  gear  was  in  use  and  the  electric  gear  not  thrown 
in  until  about  a  day  later  when  the  vessel  was  some  distance  up 
the  coast.  Although  this  electric  gear  was  an  entirely  new  equip- 
ment to  all  those  on  board  and  in  charge  of  its  operation,  it  at 
once  made  friends  and  the  steam  gear  from  that  time  until  the 
vessel  returned  to  the  shipyard,  about  ten  days  later,  was  not  put 
into  operation  except  for  two  or  three  hours  to  actually  try  out 
its  operation,  and  the  electric  gear  was  immediately  thrown  in 
again  after  this  short  steam  trial.  The  power  required  in  the 
operation  of  the  electric  gear,  both  in  tests  going  full  speed 
ahead  and  full  speed  astern,  is  shown  on  the  curve  sheet  in  Fig. 
12.  In  going  astern  the  engine  revolutions  were  about  80  per 
cent  of  the  revolutions  at  full  speed  ahead. 

The  curves  taken  from  the  recording  ammeter  used  during 
the  trials,  while  giving  a  good  relative  indication  of  the  perform- 
ance of  the  gear  at  various  points  in  the  rudder  travel  and 
under  various  conditions,  cannot  be  taken  as  an  accurate  repre- 
sentation of  actual  motor  values,  the  meter  in  question  having  met 
with  an  accident  during  the  preliminary  trials  which  required 
repairs  at  sea  \\dthout  an  opportunity  of  careful  re-calibration, 
and  as  compared  to  portable  direct-reading  test  meters  which 
were  also  used  and  the  dynamo  room  meters  the  recording  meter, 
shows  at  times  an  excess  of  current  values  of  25  to  35  per  cent. 
In  the  case  of  the  peak  starting  currents,  however,  the  inertia 
of  the  switchboard  and  test  meter  needles  would  probably  pre- 
vent them  from  reaching  as  high  values  as  the  recording  meter, 
which  is  more  sensitive. 

Reference  to  the  curve  sheet  from  the  recording  meter  indicates 
the  most  severe  conditions  were  imposed  at  full  speed  astern.  On 
some  of  the  backing  tests  the  interruptions  to  the  steady  flow  of 
the  current  were  caused  by  the  helmsman,  when  he  saw  no 
immediate  indication  of  rudder  travel  on  the  helm  angle  indicator 
and  believed  that  at  the  moment  the  motor  was  not  moving.  As 
a  matter  of  fact,  the  motor  was  turning  very  slowly  at  the  points 
of  interruption  until  finally  about  the  22^  deg.  rudder  position 
was  reached,  when  the  motor  accelerated  quite  rapidly.     After 
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this  the  load  fell  off  gradually  as  the  rudder  became  more  nearly 
parallel  with  the  stream  lines.  When  past  the  central  position 
the  water  pressure  against  the  rudder,  due  to  the  backward 
motion  of  the  ship,  actually  assisted  the  motor. 


ril  lilies 


■-MftI 


It'  si 
'i  i\ 


mi 


The  rudder  was  turned  from  20  deg.  right  to  20  deg.  left, 
going  full  speed  ahead,  in  about  16J  seconds,  and  from  hard-over 
to  hard-over  in  about  31  sec.  The  starting  current  on  the  direct- 
reading  meters  was  about  1250  amperes.     (The  recording  am- 
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meter  at  the  same  points  indicated  about  1700  amperes.)  This 
refers  to  the  full  speed  position  with  master  controller  thrown 
promptly  to  the  last  point.  About  800  amperes  were  required 
on  the  first  or  slow-speed  notch,  which  was  also  similarly  indicated 
by  the  recording  meter.  On  this  slow-speed  position  the  motor 
made  about  150  rev.  per  min.;  on  the  second  or  full-speed  notch 
the  running  current  frequently  varied  from  150  to  400  amperes, 
depending  upon  the  position  of  the  rudder,  with  a  motor  speed  of 
300  to  400  rev.  per  min.,  except  at  extreme  angles,  where  the  cur- 
rent increased  rapidly  and  the  motor  speed  decreased  as  shown 
by  the  curves. 

The  following  data  were  taken  during  the  official  trial  trip 
with  the  direct-reading  meters: 

Ampere        Ampere 

Peak         Steady  Volts 

Ship  at  anchor 

fuU  speed  position 1220  150  120 

half    •  •      1220  800 

Ship  full  speed  ahead, 

full  speed  position 1220  110  with  stream         * 

400  against      * 

half  speed  position 1220  800  * 

Ship  full  speed  astern 

half  speed  position 1300  800  all  conditions       * 

fuU         '  '      1300  150  near  amidship     ' 

Running  astern  full  speed,  with  motor  on  full-speed  control 
point,  steady  amperes  started  about  1100,  turning  rudder  from 
hard-over  position  towards  center,  and  dropped  to  150  amperes 
near  center  line  of  ship.  In  starting  from  harr'-over  position 
the  rudder  movement  was  very  slow,  increasing  as  the  rudder 
neared  the  center  line. 

The  following  data  were  taken  on  dock  trial  on  the  gear  before 
leaving  the  shipyard. 

Line  volts  120;  amperes  max.  1200;  steady  116;  rev.  per  min.  410  (second 
notch). 

Time  for  rudder  travel  20  deg.  right  to  20  deg.  left,  If)  st^c. 

Time  for  rudder  travel  "  hard -over  to  hard-over  "  70  dog.  total,  26  sec. 

In  connection  with  the  Texas  trials  it  may  be  stated  in 
general  that  great  satisfaction  was  expressed  by  all  those  on  board 
at  the  results  obtained.  And  if  we  assume  that  IGOO  amperes  as 
indicated  by  the  recording  meter  was  the  maximum  running  cur- 
rent required  (which  is  certainly  high  o\ving  to  the  errors  of  the 
meter  explained  above),  it  will  be  noted,  from  the  curves  in 
Fig.  11,  that  this  corresponds  to  60  per  cent  overload  on  this 
150-h.p.  motor  or  100  per  cent  overload  on  a  120-h.p.  motor.     It 
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therefore  appears  that  there  was  considerable  reserve  power 
available  for  turning  under  the  extreme  conditions,  and  that  the 
original  motor  calculations  based  on  120  h.p.  as  shown  on  curve 
sheet  Fig.  10  would  have  been  quite  sufficient  for  the  require- 
ments. In  connection  with  the  time  of  16 J  sec.  actually  obtained 
to  operate  the  rudder  through  the  40  deg.,  it  may  be  stated  that  in 
the  calculations  the  total  time  was  taken  as  twice  that  required 
to  travel  from  0  to  20  deg.  and  no  allowance  made  for  the  in- 
creased speed  of  the  rudder  in  traveling  with  the  stream  lines 
from  20  deg.  to  0.  This  accounts  largely  for  the  difference 
between  the  16^  sec.  obtained  and  the  20  sec.  required. 

From  the  above  data  and  results  obtained  on  tests  of  other 
installations  it  has  been  found  that  the  power  required  to  turn 
the  rudder  changes  greatly  with  the  varying  conditions  which  will 
obtain  during  the  steering  of  the  vessel,  and  the  deduction 
would  appear  to  be  warranted  that  the  maximimi  torque 
required  when  moving  the  rudder  from  zero  to  hard 'over 
is  greater  than  that  required  when  moving  from  about  20  deg. 
to  hard  over  after  running  for  a  brief  period  at  the  20  deg.  position. 
Also  that  the  maximum  torque  required  when  moving  the  rudder 
from  hard  over  to  hard  over  is  greater  than  that  required  for  mov- 
ing the  rudder  from  zero  to  hard  over.  This,  it  is  believed,  can 
readily  be  accounted  for  by  the  change  in  direction  of  the  flow 
of  water  against  the  rudder.  If  the  rudder  is  at  20  deg.  and  the 
vessel  turning,  the  direction  of  the  stream  lines  is  not  nearly  so 
perpendicular  to  the  plane  of  the  rudder  as  would  be  the  case  if 
the  rudder  were  at  zero  and  moved  to  hard-over,  the  hard-over 
position  of  the  rudder  being  attained,  of  course,  before  the  vessel 
had  answered  its  helm.  Similarly,  if  the  rudder  is  at  the  hard- 
over  position  and  moved  immediately  to  the  hard-over  position 
in  the  reverse  direction,  the  direction  of  flow  of  the  water  against 
the  rudder  is  more  nearly  perpendicular  to  its  plane  than  would 
be  the  case  under  either  of  the  conditions  mentioned. 

From  the  above  it  is  apparent  that  no  definite  deductions  can 
be  made  as  to  the  efficiency  of  the  mechanism  without  taking  into 
account  the  exact  conditions  under  which  readings  are  taken, 
especially  with  reference  to  the  angle  of  stream  lines  against  the 
rudder,  as  data  taken  under  various  conditions  would  seem  to 
indicate  an  efficiency  of  the  mechanism  ranging  from  about  23 
to  35  per  cent.  In  the  case  of  the  Texas  our  assumption  of  35 
per  cent  total  efficiency  for  the  gearings  was  apparently  very 
nearly  correct. 

The  results  obtained  from  various  installations  show  interest- 
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ing  facts  regarding  power  required  to  move  the  rudder  when 
backing.  In  the  case  of  the  Mississippi  the  backing  test  showed 
much  more  power  to  be  required  in  backing  than  in  going  ahead. 
In  the  case  of  the  Texas,  however,  the  backing  power  is  but  little 
different  from  that  required  at  full  speed  ahead,  which  we  assume 
may  be  accounted  for  by  a  difference  in  balancing  of  the  rudders 
for  the  two  vessels,  as  a  difference  in  the  amount  of  rudder  bal- 
ance would  naturally  produce  a  difference  in  this  respect.  It  is 
ordinarily  assumed  that  the  condition  imposed  in  backing 
is  much  more  severe  than  going  ahead  and  the  results  obtained 
with  the  Texas  on  this  point,  are,  therefore,  especially  interesting. 

Conclusions 

In  conclusion,  we  believe  that  the  results  from  trials  and  ser- 
vice operation  of  these  several  installations  show  that  the  results 
previously  enumerated  to  be  accomplished  by  the  use  of  the  elec- 
tric drive  have  been  fully  attained.  The  popularity  of  the  elec- 
tric gear  with  those  who  have  been  concerned  in  its  operation 
would  seem  to  have  been  clearly  established,  and  in  addition  to  a 
saving  in  weight,  space  and  efficiency,  an  ease  and  accuracy  of 
control  has  been  obtained  which  has  not  only  eliminated  all  effort 
for  the  helmsman  in  steering  the  vessel  but  has  enabled  him  to 
keep  on  the  course  with  smaller  and  fewer  movements  of  the  helm. 

The  results  on  the  Texas  have  shown  that  our  calculations 
of  the  horse  power  required  were  fairly  accurate  and  the  results 
obtained  have  indicated  that  the  capacity  actually  installed  was 
more  than  necessary,  and  considering  the  fact  that  the  rudder  on 
this  vessel  was  operated  through  the  required  40  deg.  in  16^ 
sec.  instead  of  20,  which  would  have  permitted  a  still  greater 
ratio  of  gearing  to  have  been  installed  within  the  requirements, 
it  is  apparent  that  had  such  a  gearing  been  provided,  a  motor  but 
little  in  excess  of  100  h.p.  rating  of  this  type  would  have  been 
sufficient  for  the  work.  This  is  in  marked  contrast  to  the  size 
and  rating  of  a  steam  engine  which  would  be  necessary  foi:  the 
same  service.  It  may  be  noted  also  in  this  connection  what  a 
large  proportion  of  the  power  is  used  in  the  operation  of  the 
screw  gear  itself,  and  where  a  more  efficient  type  of  gear  is  em- 
ployed the  motor  horse  power  would  be  still  further  reduced. 

In  view  of  the  above  it  appears  to  us  that  the  electric  gear  is 
up-to-date  and  has  come  to  stay  and  it  does  not  seem,  therefore, 
too  much  to  predict  that  electricity  will  in  the  future  be  used 
generally  as  the  power  for  the  steering  of  vessels. 
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Discussion  on  "  Electricity  the  Future  Power  for  Steer- 
ing Vessels/*    (Hibbard),  New   York,    May   19,    1914. 

G.  A.  Pierce,  Jr.:  We  do  not  agree  with  the  author  that  the 
American  nav>'  has  been  the  most  conspicuous  exception  to  the 
limited  use  of  electricity  in  marine  work.  In  1902  on  the  Rus- 
sian battleship  Retvizariy  building  at  the  time  the  U.  S.  S. 
Maine  was  building,  the  generating  plant  was  528  kw.  com- 
pared to  328  kw.  on  the  Maine,  Remote  control  contactors 
were  used  exclusively  in  connection  with  turret  turning,  ammuni- 
tion hoists,  elevating  and  rahmiers,  which  at  that  time  had  not 
been  contemplated  in  the  American  navy  and  only  used  to  a 
limited  extent  in  this  country.  Six-inch  bilge  piunps  were  opera- 
ted by  60-kw.  motors,  six  in  niunber;  electric  steering  gear; 
electrically  driven  forced  draft  fans;  six-pounder  and  three-inch 
ammunition  hoist  operated  by  remote  control — none  of  which  was 
in  use  or  contemplated  at  that  time  in  the  American  navy. 
Furthermore,  the  step-by-step  motion  for  interior  communication 
apparatus,  recently  adopted  by  our  navy,  was  used.  The  ma- 
jority of  the  systems  were  copied  from  the  French  navy  at  that 
time.  Prior  to  the  adoption  of  electric  heating  in  the  U.  S.  navy 
ships,  several  merchant  vessels  were  thus  heated,  not  only  in 
America  but  in  England,  and  the  extended  use  and  development 
has  been  retarded  owing  to  the  lack  of  engineering  in  connection 
with  these  early  installations.  Electric  steering  gears,  windlass 
and  capstans  and  in  fact,  every  use  in  which  electricity  is  at  pres- 
ent employed,  has  been  previously  used  both  in  the  merchant 
marine  and  in  other  navies. 

While  our  recent  achievements  are  very  creditable,  we  should 
not  look  on  them  with  too  much  pride. 

Referring  to  the  question  of  control  of  steam  steering  gears,  I 
thoroughly  agree  with  the  author,  particularly  when  I  recall  pne 
installation  in  a  cruiser  with  shafting  from  the  pilot  house  to  the 
steering  engine  room.  When  the  vessel  was  loaded  and  maxi- 
mum temperatures  were  reached  after  all  fires  in  the  boilers  had 
been  lighted  it  was  impossible  to  move  the  shafting,  and  resort 
was  made  to  the  electric  tele  motor  which  previously  had  been 
installed  as  an  auxiliary,  and  this  electric  telemotor  was  used 
to  operate  the  vessel  thereafter,  although  the  system  of  shafting 
was  made  to  of)erate  with  some  degree  of  success.  In  most  steam 
gears  where  hydraulic  telemotors  are  used,  it  is  customary  to 
supply  an  indicator  to  tell  when  the  transmitter  and  the  receiver 
of  the  hydraulic  system  are  in  synchronism.  This  is  required 
because  of  leaks  in  the  system,  and  clearance  in  the  pistons. 

Referring  to  the  results  to  be  accomplished  by  electric  steering, 
we  do  not  agree  with  the  author  that  the  noise  has  been  greatly 
reduced,  especially  with  the  system  using  contactors,  as  their 
constant  operation  is  attended  with  noise.  Furthermore,  the 
electric  control  is  not,  in  my  opinion,  the  simplest  means  of  con- 
trol, as  we  can  conceive  of  nothing  simpler  than  the  wire  rope 
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txansmitter  with  Hanscom  drum  for  operating  a  steering  gear 
and  any  troubles  are  more  easily  traced  and  f  oimd  than  is  possible 
with  an  electric  gear,  with  all  the  electric  wiring  and  circuits  anc 
its  multiplicity  of  contacts. 

Referring  to  the  history  of  electric  gears,  we  desire  to  take  ex 
ception  to  the  author's  statement  that  in  recent  years,  only,  ha: 
the  matter  been  given  sufficient  attention  and  the  electric  appara 
tus  developed  to  such  a  point  as  to  permit  of  successful  restdt 
being  obtained,  and  we  point  to  the  succeeding  page  of  the  pape: 
for  illustrations  of  early  and  successful  steering  gears,  namely 
Russian  ships,  and  the  Finland ^  Minnesota,  and  Dakota  y  and  Wi 
believe  these  were  not  only  some  of  the  first,  but  the  firs 
successful  electric  steering  gears  tised. 

The  remainder  of  the  paper  is  devoted  to  the  description  o 
rheostatic  control  gears,  and  we  note  the  author's  remark  "  it  ii 
not  the  purpose  of  the  paper  to  draw  close  comparisons  betweei 
the  features  and  merits  of  the  various  systems."  We  think 
however,  in  view  of  some  other  statements  in  the  paper,  sonw 
further  remarks  relative  to  other  systems  are  essential. 

If  we  approach  the  question  of  electric  steering  gears  from  ai 
engineering  standpoint  on  the  basis  of  the  requirements  laic 
down,  we  require  the  following: 

A  gear  for  frequent  starting  and  stopping  and  for  short  move 
ments  to  right  and  left  of  central  line,  for  maximtun  torque 
regardless  of  speed,  as  the  speed  depends  on  the  design  of  th< 
gear  used,  easy  starting  and  stopping  to  prevent  wear,  one  with  i 
minimtmi  ntunber  of  parts  and  contacts  to  become  deranged.  I 
a  maximum  of  the  above  can  be  obtained  in  one  gear  tin 
question  of  per  cent  efficiencies  drops  into  insignificance,  so  lonj 
as  the  gear  is  not  positively  wasteful. 

The  speaker  is  of  the  opinion  that  the  Pfatischer  gear  come; 
nearer  the  solution  of  this  problem  from  an  engineering  stand 
point  than  the  rheostatic  control,  although,  commercially,  tin 
rheostatic  control  may  have  some  advantage. 

The  rheo.static  control  as  applied  to  steering  gears  appears  no 
to  be  the  engineering  solution  of  the  problem.  The  line  curren 
with  full  line  voltage  for  every  movement  is  used  with  the  resist 
ance  to  control  the  amoimt  of  energy  for  the  work  to  be  done,  an< 
this  seldom  amounts  to  the  rating  of  the  motor  when  comparer 
to  the  ntunber  of  operations,  and  in  that  event  a  brake  is  applies 
to  stop  the  momentimi  imparted.  It  should  be  noted  that  2i 
seconds  is  usually  the  longest  time  nm,  and  during  this  perio< 
to  start  the  motor,  eight  or  ten  contactors  are  used  to  bring  th 
motor  to  full  speed,  dynamic  braking  as  well  as  disk  braking  t 
stop  the  operation  and  a  limit  switch  installed  to  prevent  over 
travel. 

The  pumping  of  so  large  a  motor  is  sure  to  affect  seriously  th 
voltage  of  the  entire  system,  as  we  note  from  the  curves,  10  peak 
of  16W)  amperes  or  200  kw.  in  approximately  two  minutes. 

Relative  to  the  follow-up  gear,  it  does  not  appear  in  the  papei 
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and  we  have  never  been  able  to  obtain  satisfactory  explanation, 
what  advantage  is  to  be  obtained  by  its  elimination.  It  is 
an  automatic  stop  for  the  system,  as  well  as  an  indicator  of  the 
position  of  the  rudder  at  all  times,  and  when  not  installed  its 
functions  are  supplemented  by  a  rudder  indicator  which  is  very 
seldom  installed  on  merchant  vessels,  and  also  by  the  automatic 
spring  in  the  reversing  switch  on  the  bridge,  as  described  in  the 
paper,  to  operate  in  the  event  of  accident  to  the  helmsman.  It  is 
our  opinion  that  the  advocates  of  the  non-foUow-up  system  are 
misguided. 

In  conclusion,  the  electric  steering  gears  as  designed,  installed 
and  operated  successfully  for  twelve  years,  have  perhaps  one- 
tenth  the  pieces  of  apparatus  and  one-thirtieth  the  niunber  of 
connections  of  the  gear  advocated  in  the  present  paper,  and  as 
the  author  of  the  paper  was  intimately  connected  with  the  selec- 
tion of  the  steering  gear  for  the  New  York  and  Texas  it  would 
be  interesting  to  know  if  the  decision  was  reached  on  an  engi- 
neering or  a  commercial  basis. 

Mathias  Pfatischer:  In  regard  to  the  criticism  that  a  small 
Pf  atischer  gear  as  installed  on  the  cruiser  Montgomery  requires  a 
current  consimiption  of  25  amperes  at  all  times  the  rudder  is  not 
being  operated,  I  looked  up  my  records  and  found  that  the  amotmt 
is  about  one-half  of  that  stated. 

As  regards  the  difficulty  mentioned  of  getting  a  sufficient 
operating  voltage  by  the  use  of  the  Wheatstone  bridge  connec- 
tion, I  have  never  foimd  such  to  be  the  case.  As  a  matter  of 
fact  I  could  get  about  40  volts  on  the  third  contact  from  zero,  and 
nearly  full  voltage  on  the  sixth  point.  I  have  foimd  that  for 
successful  electric  ordinary  steering  of  a  steamer  not  more  than 
about  40  volts  are  required;  it  varies  from  about  10  to  40  volts 
across  the  steering  gear  motor  armature  terminals.  Full  voltage 
is  required  only  on  rare  occasions.  This  indicates  to  me  that  a 
constant  voltage  system  will  hardly  constitute  a  proper  solution. 
I  have  foimd  in  my  work  in  the  past  that  the  amount  of  power 
required  for  steering  a  straight  course  across  the  Atlantic  is  very 
small.  On  the  Red  Star  liner  Finlandy  which  is  of  10,000  tons 
and  has  a  speed  of  16  knots,  the  current  consumption  never 
exceeded  15  h.p. 

I  cannot  agree  with  the  author  of  the  paper  that  the  steering 
gear  which  he  has  described  marks  an  advance  in  the  art  and  be- 
lieve it  has  never  been  tried  out  under  adverse  conditions,  such 
as,  for  instance,  in  steering  a  ship  through  a  crooked  channel. 
It  seems  to  me  it  is  considerable  of  a  disadvantage  for  the  quarter- 
master to  have  continually  to  watch  the  rudder  indicator,  because 
it  distracts  his  attention.  He  should  be  looking  at  the  compass 
and  the  bow  of  the  ship  instead  of  the  indicator.  He  should 
know  that  when  he  moves  the  steering  wheel  or  pointer  to  say 
five  degrees  right  or  left  that  the  rudder  would  move  to  that 
point  and  stop  automatically,  without  his  having  to  pay  any 
attention  to  the  rudder  indicator  so  he  may  know  when  to  cut  off 
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the  electric  power.     The  gear  described  is  not  fool-proof,  which  a 
successful  electric  steering  gear,  in  my  opinion,  must  be. 

Maxwell  W.  Day:  In  referring  to  the  s\-stems  using  motor- 
generator  sets,  criticism  has  been  made  concerning  the  weight. 
size  and  cost,  but  there  are  certain  advantages  which  should  not 
be  overlooked. 

1.  It  has  been  shown  that  the  starting  peaks  on  the  Texas 
gear  amotmted  to  1600  amperes  with  a  150-h.p.  motor.  With  a 
350-h.p.  motor  these  peaks  would  naturally  be  taken  up  to  over 
3700  amperes  for  a  120-volt  ship,  and  further,  the  more  rapid 
movement  of  the  rudder  from  hard  over  to  hard  over  will  increase 
the  working  load  more  than  in  this  same  proportion.  Mr. 
Hibbard  has  called  attention  to  the  fact  that  when  the  ship  is 
turning  from  one  extreme  position  to  the  other,  the  rudder  re- 
quires greater  power  than  when  the  rudder  is  moved  from  mid- 
ship position  to  the  outboard  position. 

In  some  tests  made  in  the  German  navy  a  few  years  ago,  it 
was  found  in  going  from  hard  over  to  hard  over  that  the  maxi- 
mum pressure  was  obtained  at  about  30  degrees  rudder  position, 
instead  of  38;  the  pressure  being  71  tons  at  30  degrees,  while  the 
pressure  calculated  from  Middendorf's  formula  for  38  degrees 
shows  35.5  tons.  On  this  accotmt,  a  steering  gear  to  operate  at 
the  high  speed  required  on  the  recent  ships,  will  require  more  than 
twice  as  much  power  as  if  the  rudder  were  to  move  at  one-half 
the  speed. 

On  this  accoimt,  the  rheostatic  system  for  some  of  the  later 
ships  would  require  contactors  capable  of  operating  with  4000 
to  4500  amperes,  and  this,  in  itself,  is  a  serious  problem.  If  the 
use  of  these  large  contactors  is  to  be  avoided  by  the  use  of  two 
motors,  each  of  one-half  capacity,  a  much  larger  number  of  con- 
tactors of  smaller  size  is  required,  and  the  system  of  connections 
and  interlocks  becomes  ver\'  complicated,  especially  if  a  series- 
parallel  or  parallel-series  arrangement  is  to  be  used. 

With  a  motor-generator,  the  contactors  required  for  starting 
up  the  motor-generator  set  are  very  few  in  number  and  seldom 
used;  so  that  the  conditions  for  the  few  contactors  required  are 
very  much  more  favorable. 

2.  With  the  rheostatic  system  a  heavy  peak  of  current  is 
occasioned  at  the  instant  of  starting  and  a  large  amount  of  energ>' 
is  dissipated  in  the  starting  rheostat  every  time  the  motor  is 
started.  *  With  the  shimt  motor  the  energy-  lost  in  the  rheostat 
is  practically  equivalent  to  the  kinetic  energ>-  of  the  armature  at 
the  speed  required  at  the  time  the  rheostat  is  completely  cut 
out  of  the  circuit,  and  with  a  compotmd  motor  somewhat  less. 

This  is  not  mentioned  on  account  of  tte  question  of  efficiency , 
as  the  running-light  losses  of  the  motor-generator  set  probably 
just  about  offset  it,  but  this  system  of  starting  requires  a  heavy 
load  to  be  put  upon  the  generating  plant,  practically  instanta- 
neously, and  as  the  rudder  in  many  cases  is  moved  four  times  a 
minute,  this  produces  a  sudden  fluctuating  load  upon  the  generat- 
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ing  plant,  which  is  objectionable  from  an  operating  standpoint, 
and  criticism  of  this  has  been  made  in  some  cases.  On  the  other 
hand,  the  motor-generator  system  avoids  these  peaks,  because  the 
motor  is  started  up  without  the  insertion  of  resistance,  and  the 
load  is  gradually  applied  to  the  motor  by  the  building  up  of  the 
field  of  the  generator,  and  during  the  time  that  the  rudder 
motor  is  operating  at  low  speed,  and  requiring  a  correspondingly 
low  voltage  from  th^  generator,  the  power  taken  from  the  genera- 
ting plant  is  relatively  small. 

In  addition  to  this,  the  compound  winding  of  the  motor-genera- 
tor set  slows  down  the  speed  as  the  load  is  applied,  thus  trans- 
forming a  portion  of  the  kinetic  energy  for  the  accelerating  of 
the  rudder  motor  armature. 

3.  As  the  rudder  torque  increases  very  rapidly  as  it  is  moving 
away  from  the  midship  position,  it  is  desirable  to  increase  the 
torque  per  ampere  of  the  motor,  which  is  done  in  the  rheostatic 
system  either  by  using  a  compound- wound  motor  or  by  automatic 
strengthening  of  the  field  of  a  shunt  motor,  but  in  addition  to  this 
feature,  the  generator  of  the  motor-generator  system  is  provided 
with  a  drooping  characteristic  by  means  of  a  reversed  series  wind- 
ing, so  that  the  amount  of  power  required  is  very  much  reduced, 
and  this  same  effect  is  increased  by  the  compoimd  winding  of 
the  motor  of  the  set,  which  reduces  its  voltage  still  further  by 
reducing  the  speed  of  the  generator.  In  this  way,  the  power 
taken  from  the  generating  plant  is  increased  at  light  loads  and 
reduced  at  heavy  loads,  to  a  greater  extent  than  is  available  with 
a  compound  motor,  working  on  a  constant  potential  system  with 
rheostatic  control. 

4.  Further,  with  the  rheostatic  system,  the  stopping  of  the  rud- 
der motor  armature  is  accomplished  by  a  dynamic  brake  and  a 
mechanical  brake,  so  that  the  kinetic  energy  of  the  armature  is 
transformed  into  heat;  but  in  the  case  of  the  motor-generator 
system,  a  considerable  portion  of  this  energy  is  stored  up  again 
in  the  increased  speed  of  the  motor-generator,  and  will  be  avail- 
able for  use  at  the  next  time  that  the  rudder  motor  is  started. 

What  has  been  said  concerning  the  motor-generator  system, 
applies,  to  a  considerable  degree,  to  a  separate  generator  operated 
by  its  own  prime  mover,  except  that  with  a  regulating  governor 
used  on  generating  sets,  the  speed  of  the  generator  will  be  prac- 
tically constant,  and  therefore,  does  not  have  the  same  advantage 
in  storing  up  kinetic  energy  at  increased  speed. 

5.  Reference  has  been  made  to  the  Pfatischer  system.  This 
system  is  provided  with  a  follow-up  control.  It  has  the  advan- 
tages mentioned  above  as  applying  to  motor-generator  sets  or 
separately  driven  generators,  and  has  the  further  advantage  that 
it  allows  the  use  of  an  extremely  simple  type  of  follow-up  control. 

Reference  has  V>een  made  to  some  of  the  Russian  ships,  and  in 
this  connection  I  will  mention  that  the  Russian  cruiser  Pallada 
and  German  cruiser  Aegir  were  equipped  with  the  Essberger  gear. 
This  consisted  of  two  shunt  motors  running  in  opposite  (UreC" 


A56  tLBCTklClTY  FOR  STEEklSG  [May  Id 

divided,  so  that  any  contactor  does  not  carry  more  than  about 
1000  amperes  as  a  maximum.  The  two  motors  are  instrumental 
in  cutting  down  the  peak  rushes  of  current,  and  minimize  the 
amount  of  power  required  at  the  smaller  angles,  at  cruising 
speeds,  etc. 

As  regards  the  dynamic  current  required  in  stopping  motors, 
I  would  say  these  motors  are  especially  selected,  and  operate 
at  low  speed,  that  is,  comparatively  low,  and  it  has  been  fotmd 
that  it  is  quite  possible  to  stop  the  motors  without  the 
use  of  the  disk  brakes  at  all,  if  you  iK-ish  to  depend  to  that 
extent  on  the  dynamic  effect.  It  is  not  so  necessar\'  to  stop  the 
motors  quickly  when  the  non-follow-up  system  is  used.  When 
the  follow-up  system  is  used,  you  must  stop  them  with  the  quicker 
acting  dynamic  brake,  to  prevent  any  possibility  of  following 
over. 

As  regards  the  two  systems  in  general,  there  is  no  question  but 
that  the  rheostatic  system  may  have  a  few  more  small  parts,  while 
the  motor-generator  system  certainly  has  a  greater  number  of 
large  parts,  and  the  weight  is  much  greater,  and,  of  course,  the 
first  cost,  which  may  be  incidental,  is  greater.  There  are  of  the 
two  systems  now  sufficient  installations  being  effected  so  that  in  a 
short  time  we  will  have  results  of  the  total  power  consumed  by 
the  two  sjrstems,  and  it  is  my  prediction  that  the  rheostatic  system 
will  show  a  total  consumption  over  a  considerable  period  of  time 
appreciably  less  than  the  motor-generator  system. 

H.  A.  Homer  (by  letter) :  The  advantages  of  the  contactor 
type  of  steering  gear  control  have  been  clearly  set  forth  by  the 
author  of  this  excellent  paper.  The  disadvantages  may  be 
briefly  stated  as  follows: 

Contactors  may  be  prevented  at  times  from  properly  func- 
tioning due  to  the  rolling  and  pitching  of  the  vessel. 

They  may  also  be  affected  by  the  vibration  of  the  vessel,  which 
at  high  speeds  in  this  location  is  often  very  severe. 

In  general  the  mechanical  as  well  as  the  electrical  wear  and 
tear  on  this  type  of  apparatus  occasions  ver>'  careful  supervision 
and  upkeep. 

The  current  demands  on  the  generating  plant  are  too  great  and 
too  frequent.  The  latest  requirements  for  the  design  of  genera- 
tors for  naval  service  state  that,  for  300-kw.  sets,  the  speed 
variation  must  not  exceed  4  per  cent  when  full  load  is  throwTi  on 
or  off ;  and  3  per  cent  when  load  is  suddenly  varied  from  full  load 
to  20  per  cent  of  full  load,  or  xHce  versa,  when  operating  condens- 
ing at  normal  steam  pressure.  The  jump  in  voltage  must  not 
exceed  12  per  cent,  or  15  volts  in  the  case  of  a  125-volt  machine, 
when  full  load  is  suddenly  thrown  on  or  off,  under  all  the  varying 
conditions  of  steam  and  operation.  The  author  of  this  paper 
gives  ammeter  recordsfor  a  150-h.p.motor,60  per  cent  overloaded. 
Current  peaks  of  1600  amperes  in  short  variable  periods  of  time 
are  indicated.  This  represents  3/4  load  for  one  300-kw.  generator. 
In  the  case  of  a  proposed  300-h.p.  outfit  this  would  mean  full- 
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load  current  peaks  of  2100  amperes,  or  nearly  full  load  for  one 
300-kw.  machine.  If  100  per  cent  overload  is  demanded,  the 
current  peaks  would  double,  requiring  full-load  current  from  two 
300-kw.  generators;  or  the  full  load  capacity  of  the  after  d5mamo 
room.  There  would  remain  for  the  general  supply  of  current  to 
the  ship  1600  amperes,  or  the  1/3  overload  capacity  of  the  two 
generating  sets.  Under  practical  working  conditions  on  ship- 
board the  jump  in  voltage  averages  about  10  or  12  volts — an 
amount  which  will  aflfcct  the  lighting  and  perhaps  other  instal- 
lations. 

The  disadvantages  of  the  motor-generator  control  are  men- 
tioned in  the  paper  and  therefore  the  advantages  will  be  stated : 

No  contactors  in  continual  operation. 

Reliability  insured  by  staunchness  of  design. 

Reduction  of  supervision  and  upkeep. 

The  omission  of  the  electro-mechanical  brake. 

Reduction  of  current  peaks,  thereby  cushioning  the  loads  on 
the  generating  plant. 


: 
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THE  FUTURE  OF  ELECTRIC  HEATING   AND   COOKING 

IN  MARINE  SERVICE 


BY  H.  J.  MAUGER 


Abstract  of  Paper 


Indications  of  the  future  point  to  electric  motor-driven  pro- 
pulsion and  abandonment  of  coal-burning  boilers.  Electric 
cooking  and  heating  is  in  line  with  this  development  and  the 
source  of  heat  for  cooking  and  heating  will  be  confined  to  the 
boiler  room.  The  future  of  electric  cooking  apparatus  is  as- 
sured by  the  progress  already  made  in  the  U.  S.  Navy  in  adopt- 
ing electric  equipment.  Detailed  report  is  given  of  trial  trip  of 
U.  S.  S.  Texas,  which  depends  almost  entirely  upon  electricity  for 
cooking.  Consumption  of  1.25  kw-hr.  per  person  per  meal  is 
indicated.     Load  factor  was  50  per  cent. 

Electric  ranges  and  bake  ovens  effect  considerable  saving  in 
weight  and  space  and  release  cooks  from  being  **  firemen  '  to 
devote  their  time  and  effort  to  good  cooking.  Electric  cooking 
finds  greatest  advantages  in  high  temperature  cooking. 

Electric  heating  on  shipboard  does  away  with  the  disadvant- 
ages of  steam  piping  and  gives  individual  and  local  regulation 
and  provides,  where  desired,  glowing  heat  without  fire. 

Other  accessories  are  the  electric  flatiron,  the  soldering  iron 
and  therapeutic  devices. 

IF  we  may  be  permitted  to  look  into  the  future  five  or  ten  years, 
we  venture  to  make  the  forecast  that  first-class  vessels  will 
be  driven  by  electric  motors,  direct-connected  to  the  shafts  of  the 
propellers,  the  electricity  being  generated  either  by  steam 
turbine-driven  generators,  energized  by  steam  furnished  from 
oil-burning  boilers,  or  else  by  electric  oil-generator  sets. 

In  assuming  the  role  of  a  prophet,  we  naturally  enjoy  the  free- 
dom of  a  wide  latitude  and  place  ourselves  beyond  the  sphere  of 
criticism,  but  we  believe  that  the  members  of  this  Institute  will 
agree  with  us,  at  least,  that  signs  point  in  that  direction. 

On  board  ship,  very  important,  if  not  paramount,  are  the  con- 
siderations of  saving  in  space  and  weight,  as  well  as  con- 
siderations of  cleanliness  and  convenience  and  despatch;  and 
nothing  that  we  know  of  at  the  present  time  so  completely  and 
satisfactorily  meets  these  requirements  for  their  purpose  as  the 
electric  range  and  bake  oven,  with  their  culinary  accompaniments, 
on  the  one  hand,  and  the  electria  air  heater  on  the  other,  not  to 
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speak  of  such  miscellaneous  applications  as  the  flatiron,  the  sold- 
ering iron,  etc.  In  other  words,  in  our  vision  of  the  model  ship 
of  the  future,  we  can  see  no  other  source  of  heat  and  power  than 
electricity,  outside  of  the  boiler  or  engine  room. 

When  we  realize  that  a  number  of  the  U.  S.  battleships,  not 
to  speak  of  submarines  and  army  transports,  recently  constructed 
or  in  process  of  construction,  have  adopted  electric  cooking  and 
heating  in  ftill  or  in  part  after  the  most  thorough  investigations, 
extending  over  a  period  of  years,  electric  heating  and  cooking  in 
marine  service  becomes  an  established  fact,  and  it  remains  only 
to  see  what  the  futtune  may  bring  forth. 

Among  battleships  which  have  been  partly  equipped  with 
electric  cooking  and  heating  are  the  Arkansas  and  Wyoming. 
The  battleships  Texas ,  New  York,  Neoada  and  Oklahoma, 
which  are  now  under  construction,  have  the  galleys  and  bake- 
shops  completely  equipped.  Already  thirteen  submarines  have 
been  equipped  entirely,  and  eight  more  are  in  process  of  con- 
struction. 

The  Wyoming  has  three  electric  ranges  in  the  officers'  galley 
and  electric  cooking  is  there  tased  exclusively;  in  the  crew's 
galley,  there  are  four  electric  ranges  and  four  coal  ranges.  The 
Wyoming  was  equipped  with  the  latest  design  of  ranges  De- 
cember 24th,  1912,  and  has  had  no  appreciable  trouble,  except 
with  the  hot  plates  of  the  cooking  surface,  which  has  since  been 
overcome. 

Recently  the  army  transport  Thomas  returned  from  Manila 
carrying  about  1500  troops  and  crew.  Two  type  D-47  bake  ovens, 
capacity  108  one-pound  loaves,  proved  sufficient  to  bake  all  the 
bread,  pastry,  etc.,  required,  although  three  ovens  were  available. 
No  trouble  was  experienced,  and  ever>'one  interested  was  pleased 
with  their  operation. 

Of  special  interest  is  the  recent  trial  trip  of  the  battleship 
Texas,  made  during  last  October,  because  for  the  first  time  a 
large  number  of  men  (715)  at  sea  were  entirely  dependent  uix>n 
electric  cooking  for  their  daily  meals.  During  the  run  of  two 
weeks,  there  were  no  breakdowns  of  any  kind  and  the  cookinj: 
was  done  in  a  perfectly  satisfactory  manner. 

The  results  of  this  trial  demonstrated  that  the  equipment  was 
more  than  sufficient  to  take  care  of  the  ship's  full  complement, 
which  will  comprise  about  1070  men,  including  70  officers. 
This  ship's  equipment  consists  of  15  electric  ranges,  type  D-48, 
and  2  bake  ovens,  type  D-50,  and  with  the  exception  of  some 
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supplementary  steam  kettles  and  coffee  urns  in  the  crew's  galley, 
there  is  no  other  means  of  cooking  or  baking  available  on  this 
ship.  The  success  of  the  trial  is  all  the  more  apparent  in  view 
of  the  fact  that  none  of  the  cooks  had  any  previous  experience  in 
using  electric  apparatus  and  that  they  so  readily  became  ac- 
quainted with  its  operation  and  had  no  difficulties  in  performing 
the  duty  required.  The  attendants,  without  exception,  were 
pleased  with  the  performance  of  the  electric  ranges,  as  well  as 
the  bake  ovens,  being  much  impressed  with  their  greater  effi- 
ciency and  cleanliness. 

The  trial  trip  of  the  Texas  is  also  significant  because  for  the 
first  time  has  it  been  possible  to  obtain  such  complete  and  valu- 
able data. 

Five  ranges  are  installed  in  the  officers'  galley,  four  of  which 
were  in  daily  use;  and  in  the  crew's  galley  there  are  ten  ranges, 
six  to  eight  of  which  were  used  daily  during  the  trial,  as  well  as  two 
bake  ovens  in  the  bakery.  The  officers'  galley  served  162  men  and 
the  crew's  galley  553  men;  a  total  of  715  men.  The  ovens 
proved  to  be  of  sufficient  capacity  to  supply  a  crew  twice  as 
large  as  that  aboard,  and  they  were  perfectly  suitable  for  all 
kinds  of  work  demanded  of  them.  The  officers'  galley  was  in 
use  from  6  a.m.  to  9:30  p.m.  (except  an  hour  and  a  half  from 
2:30  p.m.  to  4  p.m.).  A  few  hot  plates  were  kept  in  service  at  all 
times,  supplying  hot  coffee.  The  crew's  galley  generally  was 
in  use  from  4:30  a.m.  to  8:30  a.m.;  10  a.m.  to  1:30  p.m.;  and 
4  p.m.  to  8:30  p.m.,   depending  somewhat  on  the  daily  menus. 

Referring  to  Fig.  1,  the  top  curve  shows  the  daily  cooking  load, 
in  kilowatt-hours,  which  averaged  1258.6,  the  highest  daily  load 
being  1695  and  the  lowest  806  kw-hr.  The  downward  slope  of 
the  curv'e  shows  a  radical  increase  in  economy  as  the  cooks  be- 
came accustomed  to  the  use  of  the  electric  ranges,  and  the 
economy  would  be  still  further  increased  by  longer  experience. 
This  consumption  proved  to  be  an  average  of  1.7  kw-hr.  per  per- 
son per  day  for  the  total ;  but  further  reference  to  the  accompany- 
ing curve  shows  that  the  average  total  consumption  of  the  crew's- 
galley  (556  kw-hr.)  was  only  slightly  more  than  that  of  the 
officers'  (519  kw-hr.).  The  average  consumption  per  man 
per  day  of  the  crew's  galley  was  one  kw-hr.  as  compared  with 
3.2  kw-hr.  of  the  officers.  The  average  daily  consvmiption 
of  the  bakery  was  182  kw-hr.  total,  or  0.25  kw-hr.  per  man. 
Without  doubt,  the  total  consumption  for  cooking  and  baking 
should  not  average  more  than  1.25  kw-hr.  per  day  per  person, 
instead  of  1.7  kw-hr. 
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In  acooimting  for  the  difference  of  the  energy  consump- 
tion per  man  in  the  officers'  galley  as  compared  with  the  crew's 
galley,  we  have  to  consider  that  there  ia  no  steam  cooking  in  the 
former  and  this  would  account  for  25  or  30  per  cent  of  the  total 
consumption.  It  should  be  further  noted  that  the  ofScers' 
galley  was  operated  somewhat  on  the  plan  of  an  a  /a  carte  or 
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European  plan  restaurant  where  the  meals  were  strung  out  over 
longer  periods — more  severe  service  than  will  actually  be  required 
when  in  commission;  while  in  the  crew's  galley,  advantage 
accrued  from  cooking  for  a  much  larger  number  of  men  at  one 
time.  Reference  to  the  menus  shown  in  the  curves  will  indicate 
that  the  crew  fared  very  well. 
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Fig.  2  shows  the  load  curve  for  the  ranges  in  the  officers' 
galley  on  Oct.  30th,  in  which  the  total  consumption  was  451.7 
kw-hr.  The  average  kilowatt  demand  was  27.4  while  the 
maximum  (during  the  dinner  period)  reached  54  kw-hr.     Four 
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ranges  were  in  actual  use  in  the  preparation  of  this  meal.  The 
load  factor,  taking  it  as  the  ratio  of  the  average  to  the  maximum 
demand,  was,  therefore,  about  50  per  cent.  The  ratio  of  the 
maximum  demand  to  the  connected  load  (used)  was  54  to  120, 
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The  curves  in  Fig.  3  show  a  daily  load  curve  for  the  ranges  in 
the  crew's  galley  indicating  a  total  consumption  of  321  kw-hr. 
The  average  demand  was  only  21.2  kw.  and  the  maximum  was 
90  kw.  (during  the  dinner  period),  making  a  load  factor  of  about 
24  per  cent.  Though  there  are  ten  ranges  installed,  only  eight 
ranges  were  in  use,  making  a  total  connected  load  of  240  kw-hr.; 
but,  judging  merely  from  the  number  of  hot  plates  used  that  day, 
only  four  ranges  were  necessary.  The  ratio  of  the  maximum 
demand  to  the  connected  load  was,  therefore,  90  to  240;  whereas 
if  it  had  been  possible  for  the  cooks  to  operate  so  as  to  use  each 
range  at  its  maximum,  the  ratio  would  have  been  90  to  120. 

It  will  be  interesting  for  comparison  here  to  note  that  the  total 
electric  load  of  the  Texas  is  about  600  kw. 

The  kilowatt-hour  curve  shown  in  Fig.  1,  covering  a  period 
of  five  days,  was  taken  from  wattmeter  readings.  The  other 
curves  were  computed  by  taking  ten-minute  readings  throughout 
the  period  of  the  number  of  hot  plates,  ovens,  etc.,  that  were  in 
use  at  each  time. 

The  range  used  on  the  Texas  consists  of  a  cooking  surface 
composed  of  eight  rectangular  hot  plates  having  a  total  useful 
area  of  37  by  24  in.  (0.93  by  0.6  m.) .  Directly  under  the  cooking 
surface  are  the  two  broilers  18  by  24  in.  (0.45  by  0.6  m.).  Below 
the  broilers  are  two  roasting  ovens  each  of  which  is  18  by  28 
by  16  in.  (0.45  by  .0.71  by  0.4  m.).  Each  hot  plate  takes  1750 
watts  maximum;  each  broiler,  4000  watts,  and  each  oven  4800 
watts,  maximum.  The  total  connected  load  of  the  range  is, 
therefore,  31.6  kw.  One  range  oven  will  roast  75  lb.  (34  kg.) 
of  meat  at  one  time. 

The  bake  ovens  have  a  consumption  of  16  kw.  maximum  and  a 
capacity  of  about  100  loaves. 

An  important  point  is  that  all  heating  elements  of  the  cooking 
apparatus  are  readily  replaceable. 

Advantages  of  Electric  Cooking 

We  shall  now  sketch  briefly  an  outline  of  the  conditions  on 
board  ship  which  we  expect  to  see  realized  in  the  near  future. 

Compared  with  the  old-fashioned,  coal-burning,  brick  oven,  the 
electric  oven  shows  a  most  decided  advantage.  The  electric 
oven  will  require  only  two-thirds  the  time  to  be  heated  up  to 
baking  temperature.  The  only  effort  required  from  the  baker 
being  a  turn  of  the  switch,  his  time  and  energy,  therefore,  can  be 
entirely  devoted  to  its  proper  purpose, — baking  good  bread  for 
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passengers  or  crew.  And  we  must  not  forget  that  he  will  be 
further  aided  by  motor-driven  dough  kneaders  and  other  modem 
bake  shop  conveniences.  There  will  be  no  excuse  for  slack-done 
or  over-done  bread  or  no  excuse  for  stale  bread  or  lack  of  bread, — 
as  the  electric  oven  will  need  no  attention  but  an  occasional 
turning  of  the  switch  to  "  high,"  "  low  "  or  "  meditmi  "  as  may 
be  required.  The  electric  oven  will  not  demand  any  shifting 
of  the  loaves  in  the  oven  to  give  some  of  them  the  advantage 
of  a  hotter  place  or  relieve  others  from  burning,  a  matter  which 
not  only  dissipates  the  cook's  time  and  attention  but  also  con- 
siderable heat  while  the  doors  are  open.  Furthermore,  one  elec- 
tric oven  will  do  the  work  of  two  coal  ovens  and  with  more  than 
a  corresponding  saving  in  space  and  a  very  much  greater  sa\nng 
in  weight. 

The  temperattu^  of  the  bakery  will  not  be  appreciably  in- 
creased as  formerly  from  the  waste  heat  of  the  radiating  brick 
of  the  coal  oven  and  the  baker's  temper  and  his  bread  should  be 
as  good  in  the  tropics  as  in  the  arctics. 

What  has  been  said  regarding  the  ship's  oven  also  applies 
with  similar  force  to  the  ship's  range.  Here  the  compartment 
previously  devoted  to  the  fire  and  ash  box  is  devoted  to  an 
extra  roasting  oven,  increasing  the  roasting  capacity  100  per  cent, 
besides  adding  special  broiling  space  which  provides  for  two 
broiling  compartments.  There  is  not,  of  course,  much  oppor- 
tunity of  increasing  the  utility  of  the  range  top,  all  of  which 
was  formerly  active  as  a  cooking  surface. 

Saving  space  formerly  required  for  coal  boxes,  eliminates 
fuel  or  ash  handling  and,  therewith,  danger  from  fire  or  explosion. 
Absolutely  uniform  temperatures  are  secured  by  the  electrical 
method. 

One  of  the  chief  advantages  in  the  electric  range  lies  in  the 
broiler,  which  the  coal  range  entirely  lacked.  Broiling,  like 
toasting  and  similar  operations,  requires  a  very  high  degree  of 
heat  which  should  be  in  the  nature  of  radiated  heat  from  a  red 
hot  source;  lower  temperatures  will  give  the  effect  of  roasting 
or  baking.  The  coal  range  often  has  been  the  despair  of  the  cook 
when  he  wished  to  do  broiling,  for  that  operation  required  just 
the  right  condition  of  the  coals,  which  is  difficult,  if  not  impossible 
to  seciu-e  when  desired;  but  the  **  electric  "  cook  simply  turns  the 
switch  and  instantly  the  electric  coils  glow  with  radiant  heat 
and  the  sizzling  steak  at  once  responds  to  the  broiling  operation. 
Broiling  in  the  coal  range  also  interfered  seriously  with  other 
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cooking  on  the  stove  top.  The  broiler  will  also  often  be  viseful 
in  browning  the  products  of  the  oven  and,  indeed,  will  be  used 
as  a  toaster. 

The  appliances  we  have  described  are  chiefly  used  for  what 
we  may  call  high  temperature  cooking  operations — broiling, 
toasting,  roasting,  baking,  fr5ring,  grilling,  rapid  boiling,  etc. — 
and,  of  course,  it  is  in  this  direction  that  electric  cooking  finds 
its  greatest  advantages. 

There  will  be  considerable  reduction  in  the  depreciation  cost 
of  high  temperature  cooking  appliances,  as  it  will  no  longer  be 
necessary  to  renew  fire  boxes,  etc.,  or  oven  linings  and  stove  tops, 
because  the  electric  ranges  will  not  overheat. 

Advantages  of  Electric  Heating 

The  problem  of  heating  staterooms,  cabins  and  saloons  by 
electric  heating  will  be  solved  by  two  general  forms  of  heaters, 
both  having  the  same  advantage  of  perfect  control  and  both 
effecting  a  saving  in  space  and  weight  over  that  taken  by  the  old 
style  steam  piping,  not  to  speak  of  the  absence  of  leaking,  siz- 
zling and  pounding  steam.  Furthermore,  there  is  an  advantage 
in  low  initial  cost,  as  well  as  in  installation  and  maintenance  cost, 
besides  the  feature  of  portability.  This  feature  not  only  adds 
to  convenience,  but  may  often  enhance  the  warmth  and  comfort 
of  the  occupants  of  a  room.  One  of  the  most  important  ad- 
vantages, however,  lies  in  being  able  to  regulate  the  amount 
of  heat  desired,  accommodating  atmospheric  conditions  or  per- 
sonal requirements.  Overheated  atmosphere  may  be  worse  than 
cold  and  an  open  window  or  porthole  impractical  if  not  risky. 

The  two  methods  are  the  direct  air  heating  and  the  luminous. 
The  former  is  especially  adapted  to  the  heating  of  larger  spaces 
where  the  air  can  be  circulated  over  electrically  heated  coils  at 
moderate  temperatures.  The  ideal  electric  air  heater  will  have 
a  low  operating  temperature  and  a  large  radiating  and  proper 
deflecting  surface;  the  former  to  avoid  any  fire  risk  and  the 
latter  to  produce  a  more  uniform  distribution  of  heat  throughout 
the  room  by  heating  to  a  less  degree  a  larger  amount  of  air  at 
one  time,  and  to  more  effectively  heat  the  lower  strata  of  air. 
The  method  of  heating,  itself,  is  precisely  that  of  the  old  steam 
radiator  without,  of  course,  any  disadvantages  already  referred  to. 

The  other  form  of  air  heating,  the  luminous  method,  can  only 
be  safely  secvu*ed  on  shipboard  by  electric  means.  This  has  the 
advantage,  but  none  of  the  drawbacks,  of  the  cheerful  glow  of  the 
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Open  fireplace,  or  the  comfort  of  the  sun  bath.  The  radiated  heat 
energy  does  not  heat  the  air  directly,  but  passes  through  it, 
giving  up  its  genial  warmth  to  the  material  object  it  strikes. 
The  luminous  radiator  gives  its  maximum  heat  instantly  upon  the 
turn  of  the  switch.  Indirectly,  of  course,  the  atmosphere  will 
gradually  become  heated  from  its  use,  but  instantly  a  person  may 
be  warmed  by  coming  within  the  range  of  its  glow.  It  is,  there- 
fore, the  ideal  heater  for  the  stateroom  or  the  bathroom  and  for 
auxiliary  use  in  the  larger  gathering  places. 

The  luminous  radiator  will,  undoubtedly,  consist  of  a  specially 
made  incandescent  lamp  as  a  heating  element;  designed,  however, 
for  low  luminous  efficiency  but  for  high  thermal  efficiency,  emit- 
ting a  large  percentage  of  infra-red  radiations. 

Other  Electrical  Accessories 

Peiiiaps  a  word  should  be  said  in  passing  for  the  electric  flat 
iron  in  the  laundry  and  the  soldering  iroil  in  the  repair  shop, 
because  as  a  matter  of  fact  these  are  in  general  use  and  their 
convenience  and  success  have  really  been  an  entering  wedge 
for  the  adoption  of  electric  cooking  and  other  electric  heating 
on  shipboard.  On  the  therapeutic  side,  the  ship's  surgeon  will 
find  in  the  electric  hot  water  supply,  the  instrument  and  bandage 
sterilizer,  and  body  heating  pad,  convenient  aids. 

Conclusion 

In  conclusion,  it  is  our  belief  that  all  the  handling  of  fires,  of 
coal  and  ashes  or  oil,  if  done  at  all,  should  be  done  where  it  be- 
longs, down  below  in  the  boiler  room,  not  in  the  galley;  and  by 
the  stoker,  not  by  the  cook.  A  contented  state  of  mind,  whether 
on  the  part  of  passengers  or  crew,  is  highly  desirable  on  ship- 
board; and  when  the  electric  cooking  has  become  generally 
adopted  on  shipboard,  this  will  be  largely  assured  through  well 
and  more  easily  cooked  meals. 
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Discussion  on  **The  Future  of  Electric  Heating  and 
Cooking  in  Marine  Service/'  (Mauger),  New  York, 
May  19,  1914. 

W,  S.  Hadaway:  In  reading  this  paper  of  Mr.  Mauger's, 
the  first  omission  that  strikes  me  is  the  practical  elimination 
of  the  electric  laundry  on  board  ship.  It  has  been  my  experience 
that  the  adoption  of  electrically  heated  laundry  machines,  such 
as  body  ironers,  combination  ironers,  as  well  as  hand  irons,  is 
an  essential  part  of  the  equipment  for  the  comfort  of  the  men 
on  an  extended  cruise. 

When  it  comes  to  electric  cooking  my  opinion  is  that  the 
problem  is  not  as  simple,  and  that  the  solution  is  not  as  complete, 
as  would  be  indicated  by  the  results  stated  in  this  paper.  I 
think  I  can  say  that  the  paper  is  based  largely  on  the  trial  trip 
of  the  Texas  J  plus  a  considerable  amount  of  optimism. 

As  I  recall  the  specifications  used  by  the  department,  they 
were  put  out  in  1910,  and  bids  for  apparatus  have  been  asked 
for  under  them  several  times.  The  contractors  who  have  bid 
under  these  specifications  thus  far  have  had  to  pay  very  dearly 
for  their  experience. 

So  far  as  the  oven  is  concerned,  the  electric  range  can  be 
made  a  complete  success.  I  want  to  call  your  attention,  how- 
ever, to  the  fact  that  the  ovens  referred  to  there  are  equipped 
for  an  input  of  1  kw.  per  cu.  ft.,  which  is  an  extremely  high 
input,  considering  the  input  which  well-instdated  ovens  are 
figured  to  have.  My  information  shows  that  the  average 
oven  in  the  market  runs  more  nearly  0.8  kw.  than  1.00  kw. 
per  cu.  ft. 

When  it  comes  to  the  broiler,  I  believe  the  author  is  entirely 
correct  in  saying  that  the  present  radiant  unit  for  broiling  and 
toasting  is  entirely  satisfactory.  The  only  point  where  the  elec- 
tric range  falls  down,  and  falls  down  good  and  hard,  is  on  the 
top  surface  cooking. 

You  will  note  that  useful  area  for  top  surface  cooking  is  given 
approximately  as  37  by  24  in.  It  is  my  understanding  that 
these  top  surfaces  are  made  up  of  a  series  of  eight  plates,  each 
of  which  is  9  by  12  in.  On  the  basis  of  an  input  of  1750  watts 
per  plate,  this  would  make  the  input  per  square  inch  approxi- 
mately 18  watts.  It  has  been  the  result  of  experience  that  a 
density  of  18  watts  per  square  inch  represents  approximately 
only  one-half  the  rate  of  work  which  can  be  obtained  by  the 
ordinary  coal  range.  Furthermore,  the  temperature  at  which 
the  electric  hot  plate  works  is  so  low,  compared  to  the  coal 
range,  that  the  service  obtained  from  the  electric  range  is  wholly 
unsatisfactory. 

My  own  experience  in  this  line  of  work  dates  back  to  1894, 
twenty  years  ago  this  summer,  when  we  made  an  installation 
on  the  receiving  ship  Vermont,  then  lying  at  the  Brooklyn 
navy  yard.  At  that  time  the  galley  attendants  were  all  Japan- 
ese, and  the  ingenuity  which  they  showed  in  their  endeavor  to 
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make  that  stuff  work  was  amazing.  They  wanted  it,  but  the  y 
could  not  get  the  work  out  on  time,  and  we  had  to  take  thi^^e 
apparatus  out. 

The  same  sort  of  an  equipment  was  in  use  for  about  eighl 
months  after  that  installation  had  been  made,  in  the  offic 
of  the  manufacturing  company,  and  wattmeter  readings  of  tl 
work  done  were  kept,  as  well  as  records  of  the  number  of  peopl 
served,  and  it  was  found  that  the  input  per  person  per  mc 
was  somewhat  less  than  the  figures  given  by  the  author. 

As  to  my  experience  with  the  electric  cooking  propositioi 
I  would  say  that  there  is  no  doubt  as  to  the  perfect  success 
the  electric  baking  oven.     I   call  attention,  however,  to  tl 
Navy  specification  which  permits  a  loss  of  40  watts  per  s< 
foot,  indicating  heat  insulation  values  which  are  relatively  low- 


in  fact,  so  far  as  I  have  data  at  hand  for  the  moment,  somewh^^t  at 
lower  than  we  obtain  in  average  practise. 

The  future  of  this  work,  it  seems  to  me,  is  based  solely  o^zzii^on 
whether  we  can  devise  a  durable  structure  that  will  do 
surface  cooking,  such  as  frying,  boiling,  in  small  utensils, 
a  manner  which  will  approach  the  results  obtained  on  the  old( 
types  of  apparatus.     It  is  too  much  to  expect  to  get  chefs, 
people  of  that  order  of  intelligence,  to  change  the  method 
use.     We  have  got  to  supply  heat  in  relatively  large  volume 
at  high  temperatures  and  make  the  apparatus  speedier, 
development  of  the  chrome -nickel  resistor  makes  this  possibli 
The  diffictdty  in  doing  it,  however,  is  the  added  load  whi< 
we  place  upon  the  generator  plant.     In  other  words,  if 
raise  the  top  surfaces  up  to  the  point  where  they  would  coi 
pare  directly  with  the  coal  range,  wc  would  increase  the  wal^ 
capacity,  the  connected  capacity  of  the  range,  from  31.6 
45.6  kw. 

• 

E.  F.  Dutton:  There  is  one  point  I  think  should  be  Qovm:^^'^' 
sidered,  and  that  is  the  quality  of  the  baking.  It  has  been  tb"^^-^^.^ 
experience,   I   understand,  on  shipboard,  that   the  product  ^^ 

so  much  better,  and  the  waste  is  so  much  less,  that  this  fac^-^^^^ 
goes  very  far  toward  overcoming  other  apparent  disadvantage  "^^^^ 
of  the  electric  cooker. 

Of  course,  the  first  thing  that  is  spoken  of  in  looking  at  "^v.^ 
galley  is  the  cleanliness  of  the  galley,  and  that  is  one  of  tlr^-^"^ 
inherent  advantages  of  the  electric  range  or  oven. 

H.  J.  Mauger:  I  think  Mr.  Hadaway^s  remarks  are  ver"^^^^^^ 
much  to  the  point,  and  he,  like  ourselves,  would  like  to  hav^^"^*^'^ 
hot  plates  that  would  be  more  rapid.  I  think,  however,  M:  -^^•^* 
Hadaway  has  kept  that  figure  of  watts  per  square  inch  in  h-  ^  *^^ 
mind  more  than  is  necessary.  I  remember  a  paper  that  hr^  ^^ 
read  before  the  American  Institute  of  Electrical  Enginec^r  ^*^^ 
some  time  ago  in  which  he  brought  out  the  fact  that  a  gf 
flame  would  develop  40  watts  per  square  inch,  whereas  up 
that  time  the  usual  hot  plate  that  it  was  safe  to  design  coi 
sumed  around  10  watts  per  square  inch.     But  in  a  coal  ran) 


^4]  DISCUSSION  AT  NEW  YORK  671 

U  board  ship  the  cooking  top  does  not  become  equally  hot. 
^  is  only  over  the  coal  box  that  it  is  hottest,  and  we  have  not 
>und  any  complaint  from  the  cooks  on  the  score  that  Mr. 
ladaway  points  out,  that  the  cooking  is  any  slower  than  by 
be  coal  method.  Even  with  only  16  watts  per  square  inch,  it 
5ems  to  be  satisfactory  for  present  purposes,  and  there  are 
evelopments  in  the  art  which  will  soon  enable  us,  doubtless, 
5  go  beyond  that. 

Mr.  Hadaway  referred  to  the  development  of  the  chrome- 
ickel  alloy,  which  gives  a  remarkably  fine  resistor,  but  it  is 

the  application  of  that  resistor  that  we  find  our  practical 
nitations.  We  have  got  to  insulate  that  resistor  electrically 
ith  something,  and  the  thing  usually  used  is  mica.  Mica 
ihydrates  and  breaks  down  at  around  700  to  800  deg.  cent., 
jpending  on  the  quality  and  the  character  of  the  mica,  so 
at  makes  a  limitation  in  that  direction ;  one  that  prevents  otir 
)erating  at  a  higher  temperature.  But  I  think  that  when 
e  hot  plates  are  applied  as  in  the  range  the  heat  is  drawn 
wn  more  than  one  plate  into  the  vessel  in  which  the  cooking 
being  done,  each  hot  plate  contributing  its  heat — and  in  that 
sty  makes  up  for  any  theoretical  lack  in  watts  per  square  inch 
ider  the  vessel,  so  that  the  cooks  seem  to  be  able  to  get  the 
me  results  as  with  coal  or  gas. 

Doubtless  on  the  question  of  thermal  insulation  much  can 
5  done*  and  much  more  will  be  done.  I  might  say  that  there 
a  domestic  range  just  recently  on  the  market,  having  an  oven 
hich  has  remarkable  thermal  insulation,  in  which  the  current 
cut  down  to  about  half  of  what  was  formerly  required.  How- 
'-er,  the  larger  the  apparatus,  the  less  relative  radiating  surface 
lere  is  in  proportion  to  the  power  that  is  used,  so  that  the 
lestion  of  saving  a  few  watts  is  not  so  important  as  it  is  when 
)U  are  trying  to  cook  in  your  own  kitchen,  at  the  lighting  rate, 
ithin  the  means  of  your  pocket-book. 

Frank  T.  Leilich:  The  advantages  of  electric  heating  and 
K)king  as  set  forth  by  Mr.  Mauger  can  hardly  be  questioned. 
owever,  when  viewed  from  the  standpoint  of  cost,  such 
^plications  of  electricity  can  hardly  be  said  to  possess  obvious 
1  vantages. 

Aside  from  the  illogical  procedure  of  converting  the  heat 
lergy  of  fuel  into  mechanical  energy  which  is  in  turn  con- 
jrted  into  electricity  and  this  finally  transformed  into  heat, 
le  electric  range  and  oven  are  open  to  the  following  very 
rious  objections : 

1.  High  first  cost. 

2.  High  cost  of  repairs. 

3.  High  operating  cost. 

he  first  and  second  objections  may  become  less  serious  in 
ew  of  possible  improvements  in  manufacture  of  the  apparatus. 
rom  the  present  outlook  the  third  will,  however,  become  of 
ill  greater  importance  than  at  present,  owing  to  the  increasing 
ice  of  fuels. 


'\ 
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As  a  matter  of  fact  the  fuel  oil  range  is  coming  forward  as 
a  most  serious  competitor  of  the  electric  apparatus.  The 
former  combines  relative  cheapness  of  first  cost  with  low^  cost 
of  operation  and  ease  of  control.  On  the  Pacific  coast  there 
are  in  operation  a  number  of  highly  successful  installations  of 
oil  ranges.  Low  pressure  oil  delivery  is  used  in  most  instances. 
The  most  serious  objection  to  oil  is  the  fire  risk,  but  with  reason- 
able care  and  a  well-designed  installation  the  danger  becomes 
a  secondary  factor. 

The  best  steam  plants  convert  not  over  about  16  per  cent  of 
the  heat  energy  of  fuel  into  electricity,  and  with  the  Diesel 
engine,  the  most  efficient  prime  mover  known,  not  more  than 
about  30  per  cent  can  be  converted.  It  does  not  seem  un- 
reasonable to  suppose  that  an  oil  range  can  be  made  in  which 
at  least  40  per  cent  of  the  heat  of  combustion  is  available  at 
the  heating  surfaces. 

Assuming  a  ship  with  a  crew  of  1000  men  and  taking  Mr. 
Mauger's  estimate  of  1.25  kw-hr.  per  man  per  day  as  the  require- 
ment for  electric  cooking,  the  daily  costs  of  electric  and  oil 
operation  would  be  about  as  follows 

1250  kw-hr.  of  electricity  at  1.0  cent  $12.50. 

83  gal.  of  oil  at  4.5  cents 3.74. 

The  oil  consumption  is  based  on  40  per  cent  efficiency  of  the 
range  and  a  B.t.u.  requirement  per  day  per  man  equivalent 
to  that  produced  by  1.25  kw-hr.  The  heating  value  of  the 
fuel  was  taken  at  18,000  B.t.u.  per  pound. 

If  repairs  and  investment  costs  are  considered,  the  oil  range 
will  make  a  still  better  showing  than  indicated  by  the  above 
figures. 


Prfsenltd  at  the  Seattle  Section  meeting  of  the 
American  Institute  of  Electrical  Engineers, 
Seattle,   Wash.,  May   19.   1914. 

Copyright  1914.     By  A.  I.  E.  E. 


EFFECT  OF  ELECTROLYSIS  ON  THE  COMPRESSIVE 
STRENGTH  OF  CEMENT  AND  CONCRETE 


BY  C.   EDWARD  MAGNUSSON  AND   B.    IZHUROFF 


Abstract  of  Paper 

A  paper  on  "  The  Electrolytic  Corrosion  of  Reinforced 
Concrete",  by  C.E.  Magnusson  and  G.  H.  Smith,  was  read  before 
the  A.  I.  E.  E.  June  30,  1911,  and,  as  stated  in  that  paper, 
the  results  could  not  be  pronounced  entirely  conclusive,  as 
the  duration  of  the  experiments  was  only  30  days.  In  the 
present  paper  a  similar  series  of  experiments  is  described 
by  the  authors  in  which  the  tests  were  continued  for  several 
months.  The  paper  gives  in  tabular  form  the  results  of  a  large 
number  of  experiments  and  the  conclusions  corroborate  the 
results  reported  in  the  former  paper. 

For  the  current  density  covered  by  the  experiments,  the 
current  was  found  to  produce  no  change  in  the  compressive 
strength  of  concrete  cubes,  from  which  it  is  deduced  that  the 
failures  of  reinforced  concrete  due  to  electrolysis  are  due  en- 
tirely to. the  forces  produced  by  the  increase  of  volume  when 
iron  is  changed  into  iron  oxide,  and  not  by  any  direct  action  of 
the  current  upon  the  concrete. 


THE  results  of  a  preliminary  test  made  in  1911  on  the  effect 
produced  by  an  electric  current  on  the  compressive  strength 
of  cement  and  concrete  were  included  in  a  paper  on  "  Electrolysis 
in  Reinforced  Concrete."*  As  stated  in  that  paper,  the  ex- 
periments were  of  too  short  duration,  thirty  days,  to  make  the 
results  conclusive.  In  order  to  secure  more  evidence  a  new 
series  was  begun  in  September,  1912.  The  method  used  was 
essentially  the  same  as  in  the  preliminary  series.  A  better 
means  for  keeping  the  cubes  moist  was  devised ;  al§o,  by  tightly 
wrapping  the  cubes  with  rubber  and  friction  tape,  practically 
all  the  leakage  was  eliminated,  so  that  all  of  the  current  in  each 
circuit  passed  through  the  four  cubes  in  series. 

Unless  exception  is  noted  the  following  conditions  w411  apply: 
(1)  The  cement  used  was  of  the  **  Washington  "  brand,  manu- 
factured at  Concrete,  Washington.  This  brand  is  of  good 
commercial  quality,  and  is  used  extensively  in  the  Puget  Sound 
region.  The  tensile  strength  complies  with  the  specifications 
for  Standard  Portland  cement,  as  given  by  the  American  Society 

♦A.  I.  E.  E.  Trans.  Vol.  XXX,  p.  2055^ 

673 


674  MAGNUSSON  AND  IZHUROFF:  [May  19 

for  Testing  Materials.     Chemical  analysis  and  physical  test  data 
for  this  cement  are  given  in  Table  1. 

Tablx  I 

Chemical  analysis  and  physical  test  of  the  cement. 

SiOt 21       per  cen 

AlOt 7       per  cen 

FetOt 2       per  cen 

CaO 66 . 5  per  cen 

MgO 1       per  cen 

SO4 0.5  per  cen 

NasO  and  KiO 2       per  cen 

Specific  ffravity  3.12 

Fineness: — 

Weight  of  sample 50.0  gr. 

Aver.         (retained  on  200  me&h 7.9    gr.,        14      percent 

of  3  I  "         •  100        *   0.29-  0.58  per  cent 

samples    [  '         *    50        *   0.02  ■  0.04  per  cent 

Normal  consistency  400  gr.  cement 

88  gr.  water 21.6  per  cent 

Penetration 10.5 

Tensile  Strength: — 

Aver.        f  24  hours 108  lb. 

of  3  j    7  days 499     ■ 

samples    [  28  days 717     • 

(2)  The  *'  fresh  water  "  used  was  from  Cedar  River;  the  data 
from  a  chemical  analysis  and  specific  resistance  are  given  in 
Table  II. 

Table  II 

Chemical  analysis  of  Cedar  River  water  expressed  in  milligrams  per  iiter. 

Nitrics 0.0 

Nitrates 0.0 

Free  ammonia — a  trace 

Albumcnoid  ammonia 0.0 

Free  oxyRen 0.8 

Chlorine 3.5 

Total  solid    41.0 

Fixed  solid 21 .0 

Electrical  conductivity  per  cm* at  20  deg.  cent at  30  deg.  cent. 

Cedar  River  water 20.100  ohms 15,600  ohms. 

Fifth  normal  .N'aCl  «iolutir.n .VJ  .4   "   45.4   ". 

(3)  Tht;  '^'salt  water  "  used  was  a  3  per  cent  NaCl  solution  in 
Cedar  River  water. 

(4)  Natural  sand,  screened  to  pass  a  sieve  having  20  meshes 
per  linear  inch  and  retained  on  a  sieve  having  30  meshes,  was  used. 

(5)  The  gravel  was  screened  to  pass  a  sieve  having  4  meshes 
per  linear  inch,  and  retained  on  a  sieve  having  8  meshes. 

Two  hundred  and  forty  2-inch  (5-cni.)  cubes  were  made  as 
follows : 

(a)  Sixty  cubes  of  cement  with  "  fresh  water.*' 

(b)  Thirty-six  cubes  of  mortar  with  **  fresh  water." 

Ratio  of  cement  to  sand,  1:3. 
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(c)  Twenty-four  cubes  of  concrete  with    *'  fresh  water." 

Ratio  of  cement :  sand :  gravel  =1:1:1 

(d)  Sixty  cubes  of  cement  in  **  salt  water." 

(e)  Sixty  cubes  of  concrete  in  '*  salt  water." 

Ratio  of  cement :  sand :  gravel   =  1:1:1 

The  cubes  were  made  in  accord  with  the  specifications  of  the 
Committee  on  Uniform  Testing  of  Cement,  American  Society 
of  Civil  Engineers. 

Six  bronze  molds  were  used  and  six  cubes  were  made  at  a 
time,  and  in  the  tables  this  is  termed  a  "  set."  In  making  the 
'cubes  due  care  was  taken  to  secure  uniform  conditions.  The 
consistency  was  adjusted  to  give  a  reading  of  ten  on  the  scale  of 
a  Vicat  needle.  The  cubes  were  kept  in  the  molds,  under 
cover  of  a  damp  cloth  to  keep  the  air  moist,  for  24  to  28  hours. 
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At  removal  from  the  molds  each  was  numbered,  and  then  im- 
mersed in  water,  "  fresh  "  for  groups  (a),  and  (b),  and  (c),  and 
*'  salt  "  for  (d)  and  (e),  where  they  were  kept  for  forty  to  sixty 
days,  as  recorded  in  Tables  VII  to  X. 

Four  cubes  from  each  set  were  then  placed  in  the  electric 
circuit;  No.  1  nearest  the  anode,  next  No.  2  and  No.  3,  with  No. 
4  nearest  the  cathode.  The  remaining  two  cubes,  No.  5  and 
No.  (),  were  kept  in  the  water  as  control.  As  the  four  cubes 
in  the  electric  circuit  were  kept  moist  throughout  the  experiment, 
the  only  factor  affecting  cubes  No.  1-4  more  than  No.  5-6  would 
be  the  electric  current  passing  through  the  former. 

The  arrangement  of  the  cubes  and  the  wiring  is  shown  in 
Fig.  2.  At  each  end  an  iron  plate  was  placed,  extending  a  little 
beyond  the  surface  of  the  cubes,  and  having  a  copper  wire 
soldered  to  one  edge  for  electrical  connection.     A  glass  plate 
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and  a  rubber  strijj  were  placed  outside  the  iron  for  insulation 
and  the  whole  secured  by  a  wooden  clamp.  By  means  of  this 
clamp,  pressure  could  be  applied  so  as  to  give  a  fairl}'  good  contact 
between  the  iron  plates  and  the  cubes,  and  also  to  bring  the  four 
cubes  into  close  contact.  The  sets  were  wrapped  tightly  ^-ith 
rubber  tape,  and  this  secured  by  friction  tape.  In  order  to  keep 
the  cubes  moist  small  openings  were  made  through  the  tape  on 
top  of  the  cubes.  These  openings  were  covered  by  inverted  test 
tubes,  full  of  water,  salt  or  fresh,  according  to  which  had  been 
used  in  making  the  cubes.  See  Fig.  1.  Absorbent  cotton  was 
placed  under  the  test  tubes  and  in  this  way  the  water  could 
slowly  seep  through  the  cotton  and  keep  the  cubes  moist. 
A  storage  batten^  of  60  cells  in  series  with  a  lamp  bank  was 
connected  to  the  iron  plates.  The  voltage  was  applied  con- 
tinuously. 

The  currents  in  the  circuits  were  characteristically  irregular. 

The  iron  plates  corroded  at  the  anode  ends  of  all  the  sets. 
In  the  salt  water  sets  the  corrosion  was  much  more  rapid  than 
with  the  fresh  water  cubes.  The  cotton  under  the  test  tubes 
near  the  anode  became  saturated  with  the  iron  oxide.  In  the 
salt  water  sets  the  discoloring  appeared  in  a  few  hours,  while 
with  the  fresh  watei  three  or  four  days  were  required.  In  set 
No.  7  the  cotton  was  colored  a  greenish  blue  or  FcaOi  while 
all  the  rest  showed  the  red  cr»lor  of  FeoOa. 

No  odor  was  noticeable  from  the  fresh  water  cubes.  The 
chemical  reactions  probably  consist  simply  of  a  decomposition 
of  water  and  the  formation  of  iron  oxide. 

3H2O >  6H  +  30 

30  +  2Fe >  FezCi 

No  tests  were  made  to  determine  a  possible  migration  of  sul- 
phates and  other  salts. 

An  odor  of  chlorine  accompanied  the  reactions  in  the  salt  water 
sets.     The  following  equations  give  the  main  reactions : 

4  NaCl >  4  Na  +  4  CI 

4  CI  +  2  H2O >  3  H  CI  +  H  CIO  +  O 

HCIO >  HCI  +  0 

2Fe  +  30 >  FejOa 

FeaO,  +  6  H  CI >  2  Fe  CU  +  3  H5O 

The  chlorine  odor  indicates  the  presence  of  hydrochloric 
acid  and  this  may  cause  a  secondary  reaction  that  might  affect 
the  crushing  strength  of  the  cubes. 
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TABLE    III 
Compressive  strength  of  cement  cubes  made  in  fresh  water. 


Direction 

Compr.    str. 

Compr.    str. 

• 

Compr.    str. 

Cube 

of 

in 

lb.  per 

kg.  per 

Nos. 

crushing 

pounds. 

sq.  in. 

cm.* 

1 

ab 

48.580 

12.145 

851 

2 

ub 

47,380 

11,845 

832 

3 

ab 

38,950 

9,7.37 

684 

Set  No.  1     4 

ab 

49.000 

12.250 

860 

5 

kh 

42,720 

10,680 

750 

6 

kh 

53,570 

13.392 

940 

1 

cd 

43,040 

10,760 

756 

2 

cd 

46.980 

11,745 

824 

3 

cd 

43,630 

10,907 

765 

Set  No.  2     4 

cd 

40,160 

10,040 

704 

5 

ef 

36,050 

9,163 

644  , 

6 

ef 

50,770 

12,693 

890 

1 

ab 

35.720 

8.930 

626 

2 

ab 

39,870 

9.967 

700 

3 

ab 

.35.220 

8,805 

618 

Set  No.  a     4 

ab 

35.020 

8.755 

615 

5 

kh 

40,650 

10,162 

713 

6 

kh 

31.840 

7,960 

559 

1 

cd 

30,530 

7,630 

535 

2 

cd 

.38.190 

9,548 

670 

3 

cd 

29.290 

7.323 

514 

Set  No.  4     4 

cd 

35,430 

8,857 

622 

5 

ef 

29,350 

7,337 

515 

6 

ef 

24,730 

6,183 

434 

1 

ab 

35,250 

8,812 

619 

2 

ab 

40,240 

10,060 

706 

3 

ab 

30,700 

7,676 

539 

Set  No.  5     4 

ab 

34,630 

8,657 

607 

5 

kh 

38.000 

9,500 

667 

6 

kh 

28,730 

7,183 

503 

1 

cd 

31.740 

7,935 

556 

2 

cd 

.39,350 

9.837 

690 

3 

cd 

43. .5.50 

10.888 

765 

Set  No.  6     4 

cd 

40.340 

10,085 

707 

o 

ef 

30,470 

7,618 

535 

6 

ef 

45.560 

11,390 

800 

1 

ab 

41,760 

10,440 

734 

•> 

ab 

35.140 

8.785 

616 

3 

ab 

36,030 

9,008 

633 

S.t  No.  7     4 

ab 

44.290 

11,072 

778 

5 

kh 

40.000 

10.000 

702 

6 

kh 

29.750 

7,438 

522 

1 

cd 

45.770 

11,443 

801 

2 

cd 

35,520 

8,880 

623 

:i 

cd 

38.640 

9.660 

678 

S»;l  No.  S     4 

cd 

34.510 

8.627 

605 

.") 

ef 

40,0,50 

10,012 

704 

6 

ef 

46.380 

1 

11,595 

813 

1 

ab 

41.660 

10,415 

730 

2 

ab 

42.920 

10.730 

752 

3 

ab 

41, .355 

10.339 

725 

Set  No.  9     4 

ab 

'            44.440 

11.110 

779 

o 

ab 

47.050 

11,762 

827 

G 

ab 

42,140 

10,535 

740 

1 

cd 

32,800 

8,200 

676 

2 

cd 

40,480 

10.120 

710 

3 

cd 

43,775 

10,944 

768 

Set  No.  10  4 

cd 

42,4,50 

10,612 

744 

5 

ef 

.39.160 

9,790 

687 

6 

ef 

i            40.760 

10,190 

716 

67S 
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TABLE  IV 
CompreniTc  strencth  of  concrct^^  cabrs  in  fresh 


rater. 


Direction 

CooifH-.    str. 

Conipr.    str. 

Compr.    str. 

Cube 

of 

in 

lb.  p^ 

kg.  per 

N'>«. 

crushing 

pounds. 

sq.  ir. 

crr.t 

1 

lib 

bASO 

1363 

96 

2 

»b 

5.430 

1358 

95 

3 

ab 

5.780 

1.445 

102 

Set  No. 

II 

4 

»b 

4.000 

1.000 

70 

5 

kh 

5.0M0 

1.273 

89 

6 

kh 

7340 

1.835 

129 

1 

cd 

«.800 

1.700 

119 

2 

cd 

«,6&5 

1.671 

117 

3 

cd 

6JB00 

1.700 

119 

Set  No. 

12 

4 

cd 

7AW 

1^5."^ 

137 

• 

ef 

«.2«0 

1.56.> 

110 

6 

ef 

8.000 

2,000 

141 

1 

ab 

6;)60 

1390 

112 

2 

ab 

9.120 

2.280 

160 

• 

■ 

3 

ab 

9.21*0 

2323 

163 

Set  No. 

13 

4 

»b 

10390 

2392 

183 

' 

5 

kh 

10.100 

2325 

178 

i 

6 

kh 

7.810 

1.952 

137 
158 

1 

• 

1 

cd 

8.980 

2.245 

' 

2 

cd 

10.000 

2300 

176 

1 

3 

cd 

10.830 

2.707 

190 

1 

Set  No. 

H 

4 

cd 

11.760 

2.940 

206 

1 

5 

ef 

8.010 

2.0a3 

141 

' 

6 

ef 

11.000 

2.750 

193 

1 

1 

ab 

5..*i00 

1375 

97 

1 

2 

ab 

/>.7oO 

1 .437 

101 

3 

ab 

.-».670 

1.418 

99 

■ 

■      Set  No. 

15 

4 

ab 

7.740 

1 .935 

136 

1 

5 

ab 

o.:590 

1.398 

98 

» 

■ 

« 

aS 

6.0(X) 
13.4Hr> 

L.'iOO 

105 

1 

ci 

3.370 

237 

i 

2 

cd 

«.9(W 

2.225 

156 

3       1 

cd 

lL'.2lo 

3.042 

214 

Stt  N',. 

16 

4       1 

cd 

S.t*7o 

2.243 

158 

/> 

tf 

10.«M> 

2.670 

188 

6 

ef 
ab 

ll.oTu 
14.3(K» 

2.S92 

203 

1 

1              251 

: 

2 

ab 

12.220 

3.0.V) 

215 

3 

ab 

1 1  .H4() 

2.960 

208 

S^-r  N*.. 

17 

4 

ab 

lO.SIO 

2.703 

190 

.•> 

kh 

I2.:W) 

3.098 

217 

6 

kh 

ic.vto 

14.470 

2,632 

1S5 

• 

1 

cd 

3.6 1^ 

254 

2 

C'l 

IH.H.TO 

4.662 

328 

' 

3 

cl 

17.3SO 

4.345 

305 

1 

Set  .\r  . 

IS 

4 

cl 

16.740 

4.1S5 

294 

5 

ef 

14. OHO 

3..'>20 

247 

■ 

6 

ef 

12.2.'>0 
12.^*00 

3.06.1 
3.225 

215 

_i 

1 

ab 

226 

«> 

ab 

m..")iiO 

4..S97 

344 

:i 

ab 

m.MCO 

4.96.') 

1              349 

Sft  No. 

!'♦ 

4 

ab 

19.470 

4.S6H 

342 

Tt 

ab 

16,230 

4.05M 

286 

6 

kh 

19.760 
12.370 

4.940 

347 

1 

cd 

3,092 

217 

2 

cl 

14.230 

3,.'>57 

250 

3 

cd 

9.8,')0 

2.46.3 

173 

Set  .No. 

?0 

4 

cJ 

12.980 

3.245 

228 

5 

ef 

13.860 

3.465 

243 

6 

ef 

13,170 

2..392 

231 
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Testing  Cubes 

Finally,  the  cu^es  in  the  electric  circuit  and  the  controlling 
cubes  were  tested  for  their  compressive  strength,  using  a  Riehle 
60,000-lb.  testing  machine.  AU  cubes  were  tested  under  as 
nearly  identical  conditions  as  possible,  using  the  same  machine 
and  at  the  same  speed.  In  Tables  III  to  VI  inclusive  are  recorded 
the  crushing  strength  of  all  the  cubes  tested.  Numbers  1,  2,  3,  4 
in  each  case  have  been  in  the  electric  circuit.  One-half  of  the 
tested  cubes  were  crushed  in  the  direction  of  the  flow  of  the 
current,  and  the  other  half  were  tested  in  direction  perpendicular 
to  the  flow  of  the  current.  One-half  of  the  control  cubes  were 
crushed  in  the  direction  of  the  open  ends  of  the  bronze  mold 
and  the  other  half  in  the  direction  of  the  sides  of  the  mold.  In 
Fig.  3  and  in  Tables  III  to  VI,  the  corresponding  directions  with 
letters  are  given.  In  Tables  VII  to  X  inclusive  are  given  the 
data  for  each  set. 

Summary 

(a)  The  compressive  strength  of  fresh  water  cement  cubes  was 
not  affected  by  an  average  current  density  of  1.2  milliamperes 
per  square  inch  (0.17  milliampere  per  cm*)  applied  for  3 10  days. 
Tables  III  and  VII. 

(b)  The  compressive  strength  of  fresh  water  concrete  cubes 
was  not  affected  by  an  average  current  density  of  1.8  milliamperes 
per  square  inch  (0.26  milliampere  per  cm*)  applied  for  225 
days.     Tables   IV  and  VIII. 

(c)  The  compressive  strength  of  salt  water  cement  cubes 
was  probably  not  affected  by  an  average  current  density  of 
10.2  milliamperes  per  square  inch  (1.4  milliampere  per  cm*) 
applied  for  113  days.     Tables  V  and  IX. 

(d)  The  compressive  strength  of  salt  water  concrete  cubes 
was  not  affected  by  an  average  current  density  of  13.8  milliam- 
peres per  square  inch  (1.9  milliampere  per  cm*)  applied  for  110 
days.     Tables  VI  and  X. 

For  (a),  (b),  (d)  the  average  values  for  the  cubes  treated  with 
the  electric  current  were  1,  2,  3.0  and  2.5  per  cent  respectively, 
stronger  than  the  corresponding  control  cubes.  For  group 
(c)  the  cubes  in  the  electric  circuit  were  14  per  cent  weaker  than 
the  control.  An  examination  of  the  crushing  strengths  in 
Table  V  will  show  that  the  apparent  decrease  is  most  likely  due 
to  a  chance  selection  of  too  many  of  the  stronger  cubes  for  the 
control.     If  any  action  were  due  to  the  current  the  liberated 
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TABLE  V 
Compressive  strength  of  cement  cubes 


made  in  saFt  walrr. 


Direction 

Compr.    str. 

Cube 

of 

in 

Nos. 

crushing 

pounds. 

1 

ef 

34.400 

2 

ef 

33,845 

3 

ef 

31,900 

Set  No. 

2\ 

4 

ef 

27,140 

5 

ef 

39.305 

6 

cf 

40.510 

1 

kh 

19, .570 

2 

kh 

30.610 

3 

kh 

39,355 

Set  No. 

22 

4 

kh 

27.375 

5 

kh 

.39.540 

6 

kh 

38,710 

1 

ab 

18,805 

2 

ab 

27,195 

3 

cd 

35.790 

St  t  No. 

2:i 

4 

ab 

28  500 

5 

ef 

34.520 

6 

ef 

36.450 

1 

cd 

35,455 

2 

ab 

22,440 

3 

ab 

31,970 

Set  No. 

24 

4 

ab 

24,880 

5 

ef 

37.800 

6 

ef 

32,400 

1 

bd 

27.890 

2 

ab 

29.925 

3 

ab 

24.510 

Sot  No. 

2."> 

4 

ab 

20,570 

5 

cf 

41.270 

6 

ef 

31.720 

1 

cd 

36.385 

2 

cd 

.S4.480 

3 

cd 

:v.\  270 

Srt    Nu. 

2r> 

4 

cd 

:i  1  .,'>8() 

5 

kh 

.^7.190 

6 

kh 

M.XW 

1 

cd 

,38.328 

o 

cd 

34.3(K) 

3 

cd 

33.325 

S.i  No. 

27 

4 

cd 

33.:i90 

5 

if 

36..-)25 

6 

of 

28.250 

1 

1 

-        cd'          " 

28.ir,{) 

2 

ab 

22, •440 

3 

ah 

2(),5.",0 

Sft  N.). 

28 

4 

ah 

31.920 

5 

ef 

36.900 

6 

cf 

33.780 

1 

cd 

42.190 

2 

cd 

.35.180 

3 

cd 

,35.720 

Set  No. 

29 

4 

cd 

40.775 

o 

cf 

35.860 

6 

cf 
ab 

33.220 

1 

25.920 

2 

ah 

25. .360 

3 

ab 

38.030 

Scl  No. 

30 

4 

ah 

37.470 

5 

kh 

36.730 

i 

6 

kh 

33.3.'>5 

I      Compr.    sCr. 
'  lb.  per 


sq.  in. 


8.600 
8.461 
7.975 
6.785 
9.828 
10.128 


4.893 
7.652 
9.8:i9 
6.844 
9.885 
9.678 

4.723 
6.799 
8.r'47 
7.125 
8.630 
9.113 


Compr.    .str. 
kK.    i)or 

en-  :- 


»04 
,">95 
.>61 
475 
6*0 
712 

344 
5.37 
690 
480 
694 
679 


8.864 
5.610 
7.992 
6,220 
9.450 
8.100 


6.973 
7. .324 
6.127 
5.142 
10.318 
7.930 


I 


0.096 
8.620 
8.318 
7.89.") 
9.2<i7 
7.833 

?»..'S80 
8..')7.'> 
8. .331 
8.348 
9.131 
7.063 

7.040 
.'>..'>6() 
5,1.38 
7.980 
9.225 
8.445 

10,.'>48 
8,795 
8,930 

10.194 
8.U65 
8.305 

6.480 
6,340 
9. .508 
9.-367 
9.183 
8.33«» 


332 
476 
627 
.■{00 
605 
640 

622 
.3<'4 
.560 
437 
664 
568 


._  I 


490 
514 
430 
.361 
724 
5.'),5 


6.37 
695 

.■|84 
.V>l 
652 
550 

673 
602 
.')85 
58() 
(>40 
W'fy 

493 
.390 
.360 
.".60 
647 
592 

740 
617 
626 
715 
630 
.'.S2 

455 
445 
667 
657 
644 
585 
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TABLE  VI 
Compressive  strength  of  concrete  cubes  made  in  salt  water. 


Direction 

Compr.    str. 

Corapr.    str. 

Compr.    str. 

Cube 

of 

in 

lb.  per 

ki?.   per 

\os. 

crushinK 

pounds. 

sq.  m. 

cm.' 

I 

ab 

14.230 

3..-MH 

250 

•> 

al) 

1H.6S.J 

4.671 

328 

•i 

ab 

24.110 

6,027 

423 

Set  X.J.  :n  4 

ab 

18,67") 

4.669 

328 

o 

A 

12.740 

3,185 

224 

6 

et 

20.940 

5.235 

367 

1 

c<i 

2I.00O 

5.387 

378 

'> 

c.l 

20.«10 

5.202 

365 

3 

0(1 

16.210 

4.052 

285 

Set  Xo.  \\2  \ 

C(l 

IS. 870 

4,718 

331 

.) 

ef 

18.630 

4.6.57 

327 

6 

cf 

21,280 

5.320 

374 

1 

ab 

15..J40 

3.885 

273 

2 

ab 

22.200 

."S.-k'SO 

.390 

3 

ab 

20.230 

5.056 

.355 

Set  X.).  33  4 

ab 

21,340 

5,335 

374 

o 

kh 

18.100 

4.525 

318 

6 

kh 

22.620 

5,6.55 

397 

1 

crl 

13.385 

3. .346 

235 

•> 

crl 

I4.I80 

3.. 546 

249 

3 

cd 

14,880 

3.720 

261 

Set  Xo.  34  4 

cd 

15.9.30 

3.982 

280 

5 

kh 

12.5.50 

3.1.38 

220 

0 
1 

kh 

14.200 

3. ,550 

249 

ab 

16.220 

4.055 

285 

2 

ab 

23.275 

5,819 

408 

3 

ab 

25  ..330 

6.332 

445 

;      Set  X(j.  3.">  4 

ab 

22.380 

5.595 

393 

o 

cf 

17.380 

4.345 

305 

G 

ef 

21.330 

5.332 

374 

1 

cd 

23. .325 

5.8.31 

410 

•) 

cd 

19.120 

4.780 

336 

3 

cd 

19.780 

4.945 

347 

St:t  Xo.  36  4 

cd 

26.690 

6.672 

468 

o 

ef 

23.720 

5.930 

416 

:                           6 

cf 

24.500 

6.125 

430 

1 

cd 

21.900 

.5,47.5 

384 

2 

cd 

18,140 

4,535 

319 

3 

cd 

18.920 

4,730 

332 

Set  Xo.  37  4 

cd 

16.120 

4.030 

283 

"> 

kh 

16.140 

4,0.35 

284 

(j 

1 

kh 
ab 

18.200 
15,565 

4.550 

320 

3.891 

273 

2 

ab 

13,625 

3.406 

239 

3 

ab 

1 1 ,545 

2,886 

203 

Set  Xo.  3K  4 

ab 

12. .370 

3,092 

217 

5 

ef 

14,260 

3,565 

250 

« 

ef 

cd 

13.270 

3.318 

233 

1 

18,170 

4,542 

319 

1                             2 

cd 

15.190 

3,797 

267 

i                            3 

cd 

17,000 

4.2.50 

299 

Set  Xo.  .31)  4 

cd 

15,670 

3,917 

275 

."> 

kh 

18.200 

4,550 

320 

6 

1 

kh 
cd 

14,070 

3.518 

247 

1 1 .030 

2.757 

193 

2 

cd 

14  745 

3.686 

259 

.3 

cd 

15.000 

3,750 

263 

Sfi  .Xo.  40  4 

cd 

13.6.30 

3,407 

240 

i) 

kh 

14.020 

3.505 

246 

b 

kh 

13.220 

3. .305 

232 
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chlorine  woold  be  the  most  likely  agent.  Since  the  chlorine  is 
liberated  at  the  positive  pole,  it  would  appear  at  cube  Xo.  1. 
In  sets  Xo.  22  and  Xo.  23,  the  cube  Xo.  1  was  weakest,  but  in 
sets  Xo.  27  and  Xo.  29,  cube  Xo.  1  was  strongest.  Moreover. 
cube  Xo.  1  in  set  Xo.  29  was  the  strongest  in  the  whole  series 
and  hence  not  likelv  to  have  been  weakened  bv  the  current. 
The  series  shows  less  uniformity  in  strength  than  the  cubes  in 
either  ''a;,  (b;  or  (c). 

Averaging  the  averages  for  the  four  groups,  the  strength  of 
the  cubes  Xos.  1.  2,  3  and  4  was  only  l.S  per  cent  less  than  the 
control  cubes  Xos.  5  and  6:  and  this  difference  is  well  within  the 
errors  of  the  experiment. 

Summarizing  the  results,  we  find  that  for  the  current  density 
cacered  by  the  experiments  the  current  produces  no  change  in 
the  compressive  strength  of'  the  cubes.  This  is  in  accord 
with  the  preliminary  obser\-ations  in  the  earher  paper  (A.I.E.E. 
Trans.  XXX,  p.  2967j. 

Within  the  limits  of  current  densirv  for  which  these  conclusions 
apply,  it  follows  that  failures  in  reinforced  concrete  due  to  electrol- 
ysis are  due  entirely  to  the  forces  produced  by  increase  in 
volume  when  the  iron  is  changed  into  iron  oxide,  and  not  by  any 
direct  action  of  the  electric  current  upon  the  strength  of  the 
concrete- 


PrtsenUd  at  tht  296</i  Meeting  of  the  Ameri- 
can Institute  of  Electrical  Engineers,  Pittsfield, 
Mass.,  May  28.  1914. 
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EXPERIENCES  WITH  LINE  TRANSFORMERS 


BY  D.  W.  ROPER 

Abstract  of  Paper 

This  paper  presents  an  analysis  of  the  transformer  troubles 
for  one  year  on  a  system  having  pearly  15,000  transformers 
installed.  This  analysis  indicates  that  about  50  per  cent  of  the 
troubles  traceable  to  the  transformer  can  be  eliminated,  with  no 
great  expense,  by  some  slight  changes  in  the  construction  details 
and  some  improvements  in  operating  methods. 

Reference  is  made  to  the  Standard  Specifications  for  Line 
Transformers  issued  by  the  Bureau  of  Standards.  An  experi- 
ment on  1600  transformers  with  the  connection  board  removed 
or  submerged  proved  that  the  connection  board  above  oil  was 
responsible  for  about  60  per  cent  of  the  transformer  troubles  due 
to  lightning.  Curves  showing  the  record  of  burn-outs  of  four 
different  makes  of  transformers  are  used  as  a  basis  for  a  dis- 
cussion of  the  effect  of  the  value  placed  on  continuous  service  in 
the  selection  of  transformers. 

The  results  of  experiment  with  improved  lightning  protection 
arc  given,  showing  how  the  troubles  were  reduced  by  two-thirds. 
By  taking  advantage  of  the  results  of  the  two  extended  experi- 
ments, it  should  be  possible  to  reduce  the  troubles  due  to  lightning 
to  about  10  per  cent  or  20  per  cent  of  the  troubles  heretofore 
experienced. 


WITHIN  recent  years  the  line  transformer  has  been  developed 
by  the  manufacturers  into  one  of  the  most  efficient  and  reli- 
able pieces  of  electrical  apparatus.  It  is  fortunate  for  the  central 
station  industry  that  this  is  the  case,  as  the  distributing  trans- 
former, next  to  the  meter,  is  the  piece  of  apparatus  nearest  to 
the  customer  and  for  that  reason  its  shortcomings  would  be 
most  readily  noticed.  While  the  breakdowns  of  apparatus  or 
transmission  lines  in  general  involve  only  a  very  brief  inter- 
ruption to  the  ser\dce,  if  any,  the  failure  of  a  tiansformer  gen- 
erally means  an  interruption  of  several  hours  and  especially 
so  if  it  is  located  in  a  sparsely  settled  region  where  inter-connec- 
tion of  secondaries  is  not  possible. 

That  the  transformer  is  a  reliable  piece  of  apparatus  is  evi- 
denced bv  the  fact  that  last  vear  the  total  cost  of  maintenance 
and  repairs  of  all  transformers,  on  the  distributing  system  with 
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The  experiences  of  the  author  on  which  this  paper  is  based 
have  been  $;:athered  during  his  connection  with  the  STSterr.  c« 
the  Connnonwealth  Edison  Company  in  Chica^ro.  and  it  will 
be  understood,  unless  otherwise  specified,  that  the  experiences 
and  records  herein  mentioned  refer  to  the  svstera  of  this  coinoanv. 
As  this  distribution  s>-stem  covers  about  125  square  nailrs  of 
territor\%  including  sparsely  settled  suburban  districts,  as  well 
as  thickly  settled  uri>an  territory,  it  is  thought  that  the  instal- 
lation may  be  regarded  as  fairly  t>'pical. 

Name  Plate 

The  standard  specifications  require  a  name  plate,  but  make 
no  mention  as  to  its  location.  It  is  the  custom  of  the  manu- 
facturers to  furnish  a  name  plate  on  which  the  lettering  is  of 
sufficient  size  to  be  read  when  the  transformer  is  standing  on 
the  storeroom  floor,  but  which  is  somewhat  more  difficult  to 
read  when  the  transformer  is  installed  on  the  pole.  Securing 
the  correct  number  of  a  transformer  is  made  particularly  dif- 
ficult in  the  larger  sizes  of  transformers  because  the  name  plate , 
is  located  on  the  front  of  the  case  near  the  top.  This  puts  the 
name  plate  so  far  from  the  pole  that  the  lineman  must  unsnap 
his  life  belt  in  order  to  get  in  a  position  where  he  can  read  the 
name  plate.  If  the  safety  first  campaign  is  to  be  extended  to 
name  plates  on  transformers,  they  i^-ill  be  located  in  such  a 
position  and  the  lettering  will  be  of  such  a  size  that  a  lineman, 
without  risking  his  life,  can  read  the  name  plate  while  the 
transformer  is  in  p)osition  on  a  pole. 

Cases 

The  standard  s|>ecifications  provide  for  eyebolts  or  hooks 
for  handling  transformers.  The  transformers,  however,  must 
be  handled  manv  times  while  in  the  storeroom  or  in  transit 
from  the  storeroom  to  the  line.  Last  year,  in  Chicago,  the  num- 
ber of  transformers  replaced  in  order  to  increase  the  capacity 
was  eqtial  to  the  number  installed,  and  the  total  number  handled 
during  the  year  was  over  40  per  cent  of  the  number  on  the  lines 
at  the  end  of  the  vear.  Transformers  of  5  kw.  and  smaller 
capacity  compri.sc  over  60  per  cent  of  the  total  number  in- 
stalled. With  the  class  of  help  that  is  used  in  this  work  it  is 
ver>'  difficult  to  prevent  the  men  from  using  the  primary  or 
secondar>'  leads  as  handles.  It  appears  possible  for  the  manu- 
factuj^,  at  no  great  expense,  to  fashion  the  covers  of  the 
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smaller  sizes  of  transformers  so  as  to  provide  a  handle  on  each 
side  that  would  he  somewhat  more  convenient  for  the  purpose 
than  the  primary  leads. 

No  mention  is  made  of  terminals  on  the  primary  or  secondary 
leads,  but  such  terminals  appear  to  be  quite  desirable  and  are 
furnished  by  some  manufacturers.  It  has  been  suggested  that 
terminals  should  be  located  just  outside  of  the  porcelain  bush- 
ings with  a  solid  rod  through  the  bushing.  If  this  could  be  done, 
the  leads  would  be  so  short  that  there  would  be  no  temptation 
to  use  them  as  a  handle  and,  in  addition,  the  solid  rod  sealed 
into  the  bushings  would  absolutely  prevent  the  siphoning  of 
the  oil  through  the  leads.  In  this  manner  two  of  the  most 
aggravating  petty  annoyances  in  connection  with  transformers 
would  be  eliminated . 

CUT-OUTS 

The  specifications  require  two  primary  cut-outs  to  be  fur- 
nished with  each  transformer,  but  make  no  mention  as  to  the 
qualities  desired  in  these  cut-outs,  assuming  apparently  that 
any  cut-outs  .supplied  by  the  manufacturer  will  be  satisfactory. 
This  assumption  is  not  warranted  by  experience.  The  number 
of  cut-outs  replaced  in  a  year  exceeds  the  total  number  of 
burned-out  transformers,  indicating  that  the  cut-outs  are  a 
less  reliable  piece  of  a|jparatus  than  the  transformers.  On  the 
system  under  discussion  the  larger  sizes  of  transformers  were 
operated  without  cut-outs  for  several  years,  as  it  was  found 
that  better  service  could  be  given  to  customers  in  this  manner 
than  with  the  types  of  cut-outs  which  were  available. 

If  a  company  is  buying  transformers  on  specifications,  the 
probabilities  arc  that  within  a  few  years  there  will  be  trans- 
formers on  hand  made  by  several  manufacturers,  and  as  several 
makers  furnish  their  own  type  of  primary  cut-out  with  the 
transformers,  the  operating  company  will  soon  have  several 
types  of  cut-outs  and  must  keep  in  stock  and  furnish  to  their 
troublemcn  a  full  line  of  the  various  sizes  of  primary  fuses  for 
each  of  the  several  makes  of  transformers.  It  would  be  a  better 
plan  to  have  the  transformer  furnished  without  cut-outs  and  for 
the  operating  company  to  secure  the  cut-outs  that  are  found 
to  be  best  adapted  to  its  purpose,  using  one  type  for  the  smaller 
sizes,  with  one  or  two  additional  types  of  cut-outs  for  the  larger 
sizes  of  transformers.  Enclosed  fuses  appear  to  be  the  only 
satisfactory  type  for  the  sizes  above  40  kw.  Some  of  the 
points  that  should  be  included  in  the  specifications  for  trans- 
former cut-outs  are  as  follows: 
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(1)  They  should  be  capable  of  opening  the  circuit  of  the 
transformer  whether  the  short  circuit  occurs  when  the  cut-out 
is  cold  or  when  it  is  heated,  due  to  the  load. 

(2)  It  shotild  be  impossible  for  the  plug  to  drop  out  due  to 
the  jarring  of  the  pole,  or  to  be  bloiKni  out  by  blowing  of  the  fuse 
or  by  short  circuits  or  arcing  in  the  cut-out. 

(3)  It  should  have  sufficient  distance  between  terminals  so 
that  if  the  fuse  blows  in  a  dri\'ing  rain  or  wet  snow  storm,  the 
current  will  not  leak  across  the  cut-out  between  terminals  and 
destroy  the  cut-out. 

(4)  The  plug  should  be  pro\4ded  with  a  handle  of  such  size  and 
shape  that  the  cut-out  can  be  readily  removed  by  a  troubleman 
when  wearing  rubber  gloves  and  when  the  handle  is  wet  with 
rain  or  covered  with  sleet. 

(5)  The  plug  should  have  a  shield  of  such  size  and  shape 
that  when  the  plug  is  inserted  on  a  short-circuited  transformer 
the  resulting  arc  will  not  cause  any  injur>*  to  the  troubleman. 

(6)  The  cut-outs  for  the  smaller  sizes  of  transformer  should 
be  designed  for  the  use  of  metal  strip  fuses.  The  fuse-holding 
parts  should  be  designed  so  that  the  fuse  can  be  readily  replaced. 

Some  further  attention  should  also  be  given  to  the  subject 
of  the  metal  strip  fuses  for  primar\'  cut-outs.  In  some  parts 
of  the  city  these  fuses  corrode  badly,  reducing  the  cross-section 
of  the  strip  so  that  the  fuses  will  blow  on  light  loads,  and  with- 
out any  apparent  trouble  in  the  transformer  or  on  the  cus- 
tomer's premises.  Some  experiments  are  being  made  with 
coated  fuses  which  it  is  hoped  may  eliminate  this  trouble. 

Connection  Boards 

The  specifications  require  that:  ''  The  ends  of  the  primary 
coils  shall  be  brought  to  a  convenient  connection  board  of  por- 
celain or  other  suitable  material  within  the  case  and  so  arranged 
that  the  primary  coils  may  be  put  in  series  or  in  multiple  '\ 
and  also  that:  **  Sufficient  oil  shall  be  furnished  to  completely 
immerse  core,  windings,  and  connection  board.  " 

All  of  the  manufacturers  do  not  agree  that  the  terminal 
board  should  be  submerged.  It  has  even  been  contended  that 
the  connection  board  could  be  so  designed  and  located  that 
the  lightning  would  jump  across  the  terminals  of  the  primary 
coils  or  from  the  primar>'  terminals  to  the  cover  before  the  po- 
tential across  the  terminals  of  the  coils  could  rise  sufficiently 
high  to  bum  out  the  coils.     In  looking  for  evidence  bearing  on 
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this  theory  it  was  found  that  the  repair  shops  had  been,  for 
several  years,  removing  the  connection  boards  from  all  trans- 
formers that  were  re-wound,  and  that  the  percentage  of  troubles 
on  these  transformers  was  less  than  with  new  transformers 
containing  connection  boards.  An  investigation  was  made 
of  all  the  transformers  whose  fuses  had  blown  during  a  severe 
lightning  storm,  and  signs  of  arcing  at  the  terminal  board  were 
found  in  a  large  ])ercentage  of  the  transformers.  These  facts 
seemed  to  indicate  that  the  connection  board  was  the  cause  of 
many  of  the  troubles  during  lightning  storms.  For  the  purpose 
of  checking  this  theory  one  circuit  wnth  a  total  of  about  250 
transformers  was  equipped  with  transformers  having  the  con- 

TABLE  III 

Comparative  Record  of  Transformer  Troubles  Due  to  Lightning. 

WITH  Transformers  Having  Connection  Boards  Above  Oil  and  with 

Connection  Boards  Removed  or  Submerged. 


1.  Number  of  transformers 

2.  Fuses  blown  without  damage  to  transformers,       Number 

Per  cent 

3.  Coils  burned  out. Number 

Percent 

4.  Connection  boards  damaged,  leads  burned  off, 

etc Number 

Per  cent 

5.  Total    classed    as    burn-outs,    sum    of    items 

li  and  4 Number 

Per  cent 
0.   Total  cases  of  trouble,  svim  of  items  2,3  and  1.       Number 

Per  cent 


Location  of 

connection  boards. 

Above 

Removed  or 

oil. 

submerged. 

9.878 

1,648 

770 

56 

7.8 

3.4 

77 

10 

0  .78 

0  .61 

1 

'           3fi 

0 

0  ..30 

0 

113 

10 

1  .14 

0  .61 

883 

66 

8  .95 

4  .01 

nection  boards  removed  or  submerged.  Careful  records  were 
kept  during  the  succeeding  year,  but  the  results  were  disappoint- 
ing, due  apparently  to  the  small  number  of  transformers  involved 
in  the  experiment.  Before  the  following  lightning  season  ar- 
rived, additional  circuits  were  provided  with  transformers 
having  the  connection  boards  removed  or  submerged,  so  that 
the  total  number  exceeded  1600  transformers.  The  scheme 
of  lightning  [)rotection  was  not  changed,  so  that  the  only  dif- 
ference betweeti  these  transformers  and  those  conforming  to 
standard  practise  was  the  removal  or  submerging  of  the  term- 
inal boards.  The  results  of  this  experiment  for  the  year  1913 
are  shown  in  Table   III.     In  this  table,  under  the  heading 
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*'  fuses  blown  "  are  included  all  cases  of  trouble  which  irLvoived 
blowing  of  the  primars*  fuse  but  which  left  the  transfcrtner  in 
opeiating  condition.  Under  **  bum-outs  **  are  included  all 
transformers  which  were  not  in  condition  for  service  and  had 
to  be  replaced.  The  results  as  shown  in  this  table  indicate 
that  the  terminal  board  above  oil  is  the  cause  of  about  60  ver 
cent  of  the  troubles  during  li^tning  storms.  The  results  fur- 
ther indicate  that  the  connection  board  does  not  act  as  a  light- 
ning arrester  in  protecting  the  transformer  coils  frotn  damage, 
but  on  the  contrary  that  a  larger  percentage  of  coils  is  burned 
out  when  transformers  are  pro\-ided  with  such  connection  boards 
above  oil  than  when  they  are  removed  or  submerged. 

It  appears,  therefore,  that  the  standard  specifications  have 
taken  a  long  step  forward  in  specif\-ing  that  the  connection 
boards  must  be  submerged  under  oil.  but  as  only  a  small  per- 
centage of  the  transformers  that  are  pro\-ided  with  connection 
boards  are  ever  used  on  1000-volt  circuits,  it  is  therefore  sug- 
gested that  a  further  improvement  could  be  made  by  requir- 
ing that  transformers  for  use  on  2000-volt  circuits  shall  be 
furnished  without  connection  boards  and  limiting  the  use  of 
transformers  with  submerged  connection  boards  to  those  com- 
panies which  have   1000- volt  distributing  circuits. 

Oil 

The  standard  six-cification.s  require  that  oil  Ix-  furnished  '.\*ith 
the  transK/rmers.  The  situation  with  oil  i>  s<:>mewhat  similar 
U)  that  re^'ardin;^  cut-outs.  Each  of  the  sevt-ral  manufacturers 
furnishes  a  dinerenl  tyyxf  of  oiK  so  that  with  several  makes  of 
tran.sf^>rmerH  in  use  it  would  be  necessary/  to  kee}>  on  hand 
several  kinds  of  transformer  oil  and  to  see  that  the  proper  kind 
of  oil  was  sent  out  with  each  transformer.  It  is  possible  to 
obtain  a  good  grade  of  transformer  oil  which  is  entirely  suitable 
for  use  with  all  of  the  several  makes  of  transformers  now  on 
the  market.  Therefore,  it  appears  to  be  a  better  practise  in 
purchasing  transformers  on  specifications,  to  require  that  they 
shall  be  furnished  without  oil,  and  to  buy  the  oil  separately 
under  proper  specifications,  provided,  however,  that  the  pur- 
cha.ser  has  suitable  facilities  for  making  the  necessary  tests. 

DESKi.N*,   MaTKKI.\LS  .\ND  WORK.MANSHIP 

The  standard  syx^cifications  contain  a  paragraph  reading  as 
follows:     **  Action   upon  these   features  will  be  based  on   the 
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requirements  of  the  specifications  and  observations  made  while 
the  apparatus  is  under  test.  ''  Later  in  the  specifications,  under, 
the  head  of  *'  Basis  for  Comparing  Guarantees  *',  is  a  paragraph 
reading  as  follows : 

In  case  the  proposals  offered  by  different  bidders  in  accordance  with 
these  specifications  guarantee  core  losses  less  than  those  specified  in 
Table  I,  each  watt  of  difference  shall  be  evaluated  at  $0.88  for  purposes 
of  comparison.  For  the  same  purpose,  copper  loss  shall  be  evaluated 
at  $0.33  per  watt  for  each  watt  difference  between  values  specified  in 
Table  I  and  the  full-load  value  guaranteed  by  the  bidder. 

An  inference  that  can  be  readily  drawn  from  these  two  para- 
graphs is  that  having  passed  the  qualifying  specifications  and 
having  been  subjected  to  a  critical  examination  while  the  trans- 
former was  under  test,  the  several  transformers  furnished  by 

the  various  manufacturers  are 
then  to  be  considered  of  equal 
value  except  as  to  the  copper 
and  iron  losses,  and  that  the 
relative  value  of  the  transformers 
submitted  by  the  different  manu- 
facturers can  then  be  deter- 
mined by  the  process  of  valua- 
tion above  described.  If  this 
assumption  was  borne  out  by 
experience,  then  we  would  expect 
to    find    that    the    percentage 
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Fig.  1 — Record  for  One  Year  of     bum-outs     of     the    various 
OF  Transformer  Burn-outs  from  makes  of  transformers .  from  all 

'^p'^c^r^^''*       .      H  fT      t      V     f  causes  during  the  period  of  the 

nach  line  represents  a  difterent   make  of  o  r- 

transformer.  y^^r  was   approximately  equal. 

In  Fig.  1  are  shown  the  results  of  a  recent  year's  experience 
with  four  different  makes  of  transformers.  All  of  the  trans- 
formers included  in  these  results  have  passed  tests  virtually 
identical  with  the  qualifying  specifications  above  referred  to, 
but,  as  shown  by  the  figure,  there  is  a  w4dc  range  in  their  ability 
to  withstand  the  conditions  of  service.  The  percentage  of  biun- 
outs  in  service  for  the  best  transformer  was  about  one-third 
of  the  percentage  for  the  rest.  It  is,  therefore,  submitted  that 
it  should  be  possible  to  devise  a  specification  so  that  there 
would  not  he  so  great  a  range  in  quality  of  the  transformers 
which  have  ])asscd  the  specifications. 

In  order  that  the  cost  of  the  transformer  losses  and  the  cost 
of  repairs  of  thQ  various  types  may  be  shown  in  their  proper 
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relation  to  each  other,  the  results  shown  in  Fig.  1  have  been 
applied  to  the  entire  installation,  assuming  that  all  of  the  trans- 
formers on  the  system  are  of  each  of  the  several  t\'pes,  and 
estimates  made  showing  what  the  total  cost  of  repairs  for  one  year 
would  have  been  for  each  of  these  types  of  transformers.  The 
iron. and  copper  loss  guarantees  were  also  obtained  from  the 
same  four  manufacturers  and  the  total  losses  for  one  vear  were 
calculated  on  the  assumption  that  all  of  the  transformers  were 
furnished  by  each  of  the  several  manufacturers.  The  results 
of  these  calculations  with  different  values  assumed  for  the 
losses  and  for  continuity  of  ser\'ice  are  shown  in  Tables  IV  and 
V.  It  is  not  intended  that  the  assumed  values  should  represent 
the  opinion  of  the  author  as  to  the  value  of  these  items,  but  they 


TABLE  IV 

Opekating  Costs  or  Pouk  Types  or  T&anstobmers  roR  the 
Ysiis  1013.  UNDER  Assumed  Conditioks 


A                   B 

1 

C                   D 

1 

1.  Cost  of  iron  and  copper  lo«es  at  an  a»- 
■omed    value    of    1.5    cents    per 
kw-hr 

$158,600       $148,300 
7,700    !       11.100 

265                370 

$146,000 
14.900 

510 

$154,000 

2.  Replacing  and  repairs, 

19.800 

3.  Bftimated    lots    of    income,    due    to 
bum'Outs. 

675 

4.  Total  of  items  1,  2  and  3. 

$166,565       $159,770 
3.975             5.550 

$161,410    ;  $174,475 

5.  Lou    of    prestige,      (assumed    as  15 
times  loss  of  income) 

I 
7.650    >       10.125 

6.  Totals  of  items  4  and  5 

1 

$170,540       $165,320 

$169,060    1  $184,600 

were  assumed  over  a  wide  range  for  the  purpose  of  showing 
the  effect  which  these  values  would  have  in  the  selection  of  the 
best  type  of  transformer  for  any  ])articular  set  of  conditions. 
An  inspection  of  these  tables  shows  that  the  determination  by 
an  operating  company  of  the  best  transformer  for  its  purposes 
depends  upon  the  values  placed  by  it  on  the  transformer  losses 
and  on  the  continuity  of  serv-ice.  If  it  places  a  high  value  on 
the  transformer  losses,  this  feature  will  determine  the  best 
transformer  for  its  purposes.  The  figures  also  show  that  the 
cost  of  repairs  is  a  comparatively  minor  item  and  that  a  high 
value  must  be  placed  on  continuity  of  service  in  order  that 
the  savings  due  to  the  most  reliable  transformer  may  offset  the 
cost  of  its  increased  losses. 
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The  Protection  of  Transformers 

Transformers  while  in  service  must  be  protected  from  over- 
loads and  from  lightning.  It  is  customary  to  endeavor  to  pro- 
tect against  overload  by  means  of  primary  fuses.  In  practise, 
a  great  many  minor  troubles  occur  on  the  premises  of  customers 
which  will  blow  the  primary  fuses.  Such  troubles  should  result 
in  the  blowing  of  the  secondary  fuses  on  the  premises  of  the 
customer  and  the  primary  fuses  should  not  blow  unless  there 
is  trouble  within  the  transformer.  To  secure  this  result,  the 
transformer  must  have  primary  fuses  corresponding  to  several 
times  its  rated  capacity,  so  that  a  slowly  increasing  load  would 
bum  out  the  transformer.     Protection  from  overloads  is  best 


TABLE  v 

Operating  costs  of  Pour  Typbs  of  Transformers  for  the  Year 
1913.  UNDER  Assumed  Conditions. 


A 

B 

C 

D 

1.  Cost  of  iron  and  copper  losses  at  an  as- 
sumed   value    of    0.5    cents    per 
kw-hr 

$52,860 
7.700 

265 

$49,450 
11.100 

370 

$48,690 
14.900 

510 

$51,600 
19.800 

676 

2.  Replacing  and  repairs 

3.  Estimated    loss    of    income,    due     to 

burn-outs, 

4.  Totals  of  items  1.  2  and  3 

1 
1 

.   $60,825 

$60,920 
5.550 

$64,100 
7.650 

$71,975 
10.126 

5.  Loss    of    prestige,      assumed    as    15 
times  loss  of  income) 

3.975 

6.  Totals  of  items  4  and  5 

$64,800 

$66,470 

$71,750 

$82,100 

secured  by  proper  records  and  by  occasional  tests  as  a  check 
on  the  records.  During  the  year  1913,  the  number  of  trans- 
formers burned  out  by  overload  was  less  than  one-tenth  of  one 
per  cent  of  the  number  installed.  This  record  indicates  the  entire 
feasibility  of  protecting  transformers  against  overload  by  means 
of  the  records  and  tests.  The  primary  fuse  should  therefore 
be  regarded  as  a  device  for  disconnecting  a  defective  trans- 
former so  as  to  protect  the  rest  of  the  service,  and  not  for  the 
protection  of  the  transformer  itself  from  overloads. 

Protection  of  distributing  transformers  against  lightning 
has  apparently  not  received  the  attention  that  it  deserves. 
The  record  of  lightning  troubles  for  the  year  1913  is  shown 
in  Fig.  2.     These  results  show  that  the  larger  sizes  of  trans- 
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formers  are  comparatively  immune  from  lightniiiK,   and  that 
the  greatest  number  of  troubles  occur  with  the  smaller  sizes, 
that  is,  the  sizes  below  10  kw.     The  number  of  transformers  of 
these  sizes  comprises  about  70 
per  cent  of  the  total  installa-         I    I   |~ 
Lion,  so  that  the  transformers 
which  are  most  susceptible  to 
damage  by  lightning  are  the 
most   numerous.     It   is   sug- 
gested that  careftJ  attention 
by  the  manufacturers  to  the 
primary  bushings,   the  clear- 
'  ance  of  the  primary  leads  in- 
side the  case,  the  manner  of 
their  support  and  other  minor 
details,  would  probably  result 
in  a  material  improvement  in 
these  records.  Lichtninc. 

In  addition  to  the  experi- 
ments mentioned  above,  which  involved  the  removal  of  connec- 
tion boards  from  a  large  number  of  transformers,  some  further 
experiments  were   made   in   another   area,   which   consisted    in 
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1  .15 
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installing  lightning  arresters  upon  the  same  pole  wilii  each  of 
a  large  number  of  transformers.  The  remainder  of  the  dis- 
tributing system  in  question  is  protected  by  arresters  not  located 
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on  the  transformer  poles  but  scattered  over  the  lines  at  a  dis- 
tance of  about  two  thousand  feet,  resulting  in  a  ratio  of  arresters 
to  transformers  of  about  40  per  cent.  The  results  of  these  ex- 
periments are  shown  in  Table  VI. 

In  that  portion  of  the  territory  where  there  was  an  arrester 
on  the  same  pole  with  each  transformer,  the  results  to  date  as 
compared  with  the  older  practise  indicate  that  the  percentage 
of  transformers,  burned  out  by  lightning  is  reduced  by  about 
two-thirds.  The  several  experiments  indicate  that  by  the 
combination  of  the  two  schemes  and  possibly  by  some  further 
improvements  in  some  details  of  the  transformers  and  in  the 
design  of  the  lightning  arresters,  there  should  be  no  great  dif- 
ficulty in  reducing  the  percentage  of  cases  of  trouble  due  to 
lightning  to  one-fifth,  and  possibly  to  one-tenth,  of  those  ex- 
perienced in  former  years.  It  is  hoped  that  more  definite  and 
complete  information  on  this  subject  may  be  available  within 
another  year. 
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under  any  reasonable  operating  conditions,  out  of  tens  of 
thoixsands  of  such  transformers  in  service. 

The  location  of  the  terminal  board  will  depend  largely  upon 
the  design  of  the  transformer,  the  clearances  available  and  the 
operating  stresses  which  may  have  to  be  met.  For  distribut- 
ing voltages  considerably  higher  than  the  2200-volt  classes 
referred  to  in  this  paper,  I  do  not  believe  that  it  would  be  ad- 
visable to  have  a  connection  board  at  the  oil  level.  This,  for 
example,  would  apply  to  6600-volt,  high-tension  distributing 
transformers.  With  such  transformers,  the  clearance  distances, 
as  well  as  the  terminal  board  itself,  would  have  to  be  too  large, 
requiring  much  more  space  than  is  necessary  to  effectively 
apply  the  same  on  transformers  of  lower  voltage. 

After  all,  the  most  desirable  development  would  be  the  elimi- 
nation of  a  high-tension  terminal  board,  and  that  brings  up  the 
question  of  voltage  standardization.  It  is  very  desirable  from 
many  standpoints  that  voltages  and  taps  should  be  standard- 
ized. On  these  small  transformers,  where  continuity  of  service 
is  to  be  a  criterion,  multiple  voltages  and  extra  taps  should  be 
eliminated  wherever  possible  and  one  of  the  main  functions 
of  the  terminal  board  will  be  automatically  eliminated.  It 
would  therefore  be  very  desirable  to  adopt  single  voltages  on 
distributing  transformers  on  the  high-tension  side,  where,  of 
course,  such  simplification  is  more  important  than  on  the  low- 
tension  or  secondary  side. 

With  a  single  high-tension  voltage,  the  terminal  board  could 
most  successfully  be  replaced  with  porcelain  spacers  approxi- 
mately at  the  oil  level,  to  provide  the  desirable  support  for  the 
leads,  without  impeding  the  circulation  of  the  oil,  and  keeping 
the  high-tension  spacer  separate  from  the  lo w- tension  board , 
so  that  there  would  be  less  possibility  of  the  lineman  making 
a  mistake  in  handling. 

With  regard  to  the  handling  of  the  transformers,  some  of 
those  now  available  have  lugs,  for  lifting,  cast  on  the  sides  of 
the  case  and  these  lugs  form  a  convenient  method  of  pulling 
the  transformers  around  the  floor,  so  that  the  leads  shoiild  not 
have  to  be  used  for  this  purpose.  With  some  of  the  modern 
transformers,  the  connection  to  the  weatherproof  cable  leads 
is  made  inside  of  the  porcelain  outlet  bushings,  so  that  it  re- 
quires considerable  mishandling  of  the  leads  to  injure  the 
transformer  insulation,  especially  with  the  more  substantial 
high-tension  bushings  which  are  now  provided. 

Considerable  attention  has  also  been  given,  during  the  past 
two  or  three  years,  to  the  fuse  block  question,  and  porcelain 
fuse  blocks  of  the  receptacle  and  plug  type  are  now  available 
which  are  much  more  reliable  and  embody  most  of  the  char- 
acteristics which  Mr.  Roper  sets  forth  as  an  index  to  a  good 
transformer  primary  cut-out. 

I  believe  that  Tables  No.  IV  and  V  refer  to  electrical  per- 
formance of  the  later  types  of  transformers,  while  they  are 
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considered  in  connection  with  the  operating  records  of  trans- 
formers of  older  designs  and  construction,  which  would  not 
possess  these  electrical  performances.  Changes  in  the  elec- 
trical performance  may  be  accompanied  by  changes  in  con- 
struction that  would  considerably  affect  the  operating  record. 

It  would  seem  to  be  doubtful  whether  the  reduced  electrical 
stress  on  transformer  insulation  due  to  better  protection  would 
have  any  direct  effect  upon  the  life  of  the  insiilation.  Fatigue 
of  the  insulation  would  only  come  if  the  stresses  were  of  pro- 
longed duration  so  that  heat  stresses  would  develop,  while 
high-frequency  or  lightning  disturbances  are  of  relatively  short 
duration. 

There  is  no  doubt  that  the  better  the  protection  against 
lightning  disturbances,  the  more  reliable  will  be  the  operation. 
There  is  considerable  doubt,  however,  as  to  the  number  of  such 
arresters  which  it  would  be  practical  to  install  in  the  average 
system.  Each  arrester  means  an  additional  link  in  the  system  ^ 
which  must  be  given  a  certain  amount  of  attention  to  insure* 
being  in  good  operating  condition.  Further,  the  cost  for 
obtaining  grounds  for  each  of  these  arresters  would  in  many 
cases  be  higher  than  that  in  the  city  of  Chicago,  where  grounds 
may  probably  be  obtained  at  a  fairly  low  cost.  Of  course,  one 
must  have  a  good  groimd  to  have  an  effective  arrester. 

It  would  be  desirable  to  have  an  accelerated  life  test  as  an 
index  of  the  reliability  of  the  transformer,  but  it  is  going  to  be 
very  difficult  to  determine  on  anything  in  the  way  of  a  reliable 
accelerated  life  test  on  a  static  transformer,  such  as  may  be 
obtained  on  moving  apparatus,  as  the  conditions  are  vastly 
different.  Practically  all  that  we  can  do  is  to  study  the  service 
conditions,  the  material  that  goes  into  the  transformer,  see  that 
it  is  put  in  in  such  a  way  that  it  will  be  permanent,  that  the 
insulation  is  properly  reinforced,  that  the  temperature  rise  is 
low  and  uniform  and  look  into  the  various  other  details  of  de- 
sign, construction  and  methods  of  manufacture  that  may 
affect  the  relative  life  of  the  transformer,  but  it  is  very  hard  to 
provide  any  single  test  as  a  real  measure  of  such  life. 

H.  W.  Hough:  As  far  as  we  have  been  able  to  find  out  in 
Cleveland,  our  experience  checks  up  with  Mr.  Roper's  state- 
ment regarding  the  Chicago  conditions.  We  had  approxi- 
mately ten  thousand  transformers  in  service  during  the  past 
year,  and  of  that  number  about  four  hundred  were  brought  in 
classed  as  burned  out,  whether  from  the  coils  being  burned* out 
or  the  leads  or  terminal  boards  being  damaged.  It  was  a  fact 
that  in  the  great  majority  of  cases  the  terminal  boards  were 
damaged,  whether  the  other  effects  were  there  or  not.  About 
ten  per  cent  of  our  transformers  have  submerged  terminal  boards, 
and  during  the  past  year  there  has  not  been  any  case  on  record 
where  the  terminal  board  was  damaged  when  it  was  submerged.  I 
thought  perhaps  this  statement  would  add  a  little  to  Mr.  Roper^s 
side  of  the  question. 
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Paul  M.  Lincoln:  If  we  take  Mr.  Roper's  paper  at  its  face 
value,  he  apparently  has  demonstrated  that  the  submergence 
of  the  terminal  of  the  connection  board  is  a  highly  desirable 
thing  in  the  distributing  transformers  such  as  he  deals  with. 
I  would  like  to  raise  the  question  as  to  whether  Mr.  Roper  has 
completely  proved  that  point. 

One  of  the  points  I  want  to  call  attention  to  is  Table  No.  VI. 
In  Table  VI,  I  think  Mr.  Roper  has  shown  beyond  a  question 
that  if  a  lightning  arrester  is  used  in  connection  with  distribut- 
ing transformers  the  bum-outs  of  the  transformers  are  con- 
siderably reduced.  His  own  records  show  that  the  bum-outs 
of  transformers  when  a  lightning  arrester  was  used  on  the  same 
pole  are  about  one-third  as  great  as  when  lightning  arresters 
are  not  used  upon  the  same  pole.  Now,  a  lightning  arrester 
is  merely  a  weak  point  (usually  an  air  gap)  which  is  used  in  close 
proximity  to  the  transformer.  I  may  call  attention  to  the  fact 
that  a  terminal  board  which  is  inside  of  a  transformer  serves 
the  same  purpose,  it  is  a  relatively  weak  point  which  lightning 
can  break  down.  A  great  disadvantage  of  making  the  terminal 
board  or  connecting  board  the  weak  point  is  that  when  lightning 
does  puncture  at  that  point,  it  blows  the  fuses,  and  you  have 
an  interruption  of  service  on  that  transformer,  and  that  is  admit- 
tedly an  objectionable  point.  I  do  not  believe  that  this  demon- 
strates that  we  should  not  have  a  connection  board  above  the 
oil  in  the  transformer,  but  it  should  be  a  connection  board  having 
an  amount  of  clearance  which  makes  it,  not  impossible,  but 
highly  improbable,  that  the  lightning  wdll  go  across  inside. 
That  is  to  say,  the  design  of  such  a  terminal  board  should  be 
such  that  it  is  as  strong  as  the  distributing  line  which  is  in 
immediate  proximity  to  the  transformer.  If  you  have  a  ter- 
minal board  of  such  a  design,  that  is,  so  that  lightning  will  go 
across  on  the  outside  of  the  transformer  rather  than  on  the 
inside,  then  I  think  any  objection  to  the  terminal  boards  is 
removed. 

There  is  one  point  upon  which  I  want  to  agree  with  Mr.  Roper, 
and  that  is  upon  the  use  of  fuses  for  overload  protection.  Mr. 
Roper  states  that  the  fuse  cannot  be  relied  u]:)on  an  as  overload 
protection,  and  I  believe  thoroughly  in  that  point  of  view.  The 
fuse,  when  it  is  used  in  connection  with  transformers,  is  primarily 
used  for  the  purpose  of  interrupting  short  circuits  or  interrupting 
something  which  would  caUvSe  the  service  to  be  interrupted  at 
other  points  than  that  one  particular  transformer,  and  that  is,  I 
believe,  its  only  function.  I  do  not  believe  that  it  is  ])ossible  to 
design  and  operate  fuses  upon  our  distributing  transformers  of 
such  a  nature  as  to  protect  them  against  overload.  I  think  such 
a  use  of  a  fuse  is  practically  out  of  the  question. 

I  was  very  much  interested  in  what  Mr.  Roper  said  about  the 
accelerated  life  test.  That  is  not  a  new  idea,  by  any  means,  and 
if  we  could  find  some  means  of  condensing  the  years  into  hours, 
in  so  far  as  the  life  of  the  transformer  is  concerned,  we  would  be 
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very  glad  to  get  the  results  which  we  should  get  by  such  an  ac- 
celerated life  test,  but  so  far,  we  have  not  been  able  to  devise  any 
means  to  accomplish  that  result,  which  we  believe  will  be  of  very 
great  value.  If  you  run  the  transformer  at  double  temperature 
for  a  day  or  two,  that  does  not  give  the  same  result  on  this  trans- 
former as  running  it  at  moderate  loads  for  several  years;  condi- 
tions are  quite  different,  and  whether  the  results  obtained  by 
overheating  very  considerably  for  a  short  period  can  be  compared 
properly  with  the  result  of  the  normal  life,  is  a  very  debatable 
question.  Still,  we  are  not  giving  up  the  question,  and  are  still 
looking  for  some  manner  of  accelerating  the  life  of  the  trans- 
former, so  that  we  can  crowd  the  life  of  the  transformer  into  a 
few  hours,  instead  of  waiting  for  a  good  many  years  to  elapse, 
to  get  information  about  the  life  of  the  transformer,  such  as  we 
would  have  to  do  otherwise. 

Joseph  Franz:  Representing  one  of  the  operating  companies, 
I  agree  with  Mr.  Roper  in  general.  Our  troubles  with  the 
transformers  in  the  Berkshires  have  been  along  the  same  line. 
Our  experience  in  the  matter  of  placing  lightning  arresters  on  the 
same  pole  with  transformers  has  shown  us  that  it  is  not  always 
possible  to  obtain  a  good  ground  connection  in  isolated  or  remote 
sections,  and  we  have  had  two  cases  where  the  lightning  arresters 
failed.  The  current  fused  the  gaps  of  a  multiple-gap  arrester  and 
being  connected  on  the  same  ground  as  the  secondaries,  this  condi- 
tion of  the  arrester  sent  the  primary  current  into  the  building 
where  the  service  was  furnished,  and  set  the  building  on  fire. 
That  caused  considerable  trouble  to  our  company.  Since  we 
had  this  experience,  we  place  no  lightning  protectors  on  the  same 
pole.  • 

Mr.  Roper  refers  to  the  name-plate,  and  I  would  like  to  add 
that  it  would  be  an  advantage  to  have  the  manufacturers  stand- 
ardize on  the  form  of  the  name-plate,  its  arrangement,  as  well 
as  having  the  reading  matter  in  the  same  order,  similar  to  the  way 
in  which  the  National  Electric  Light  Association  has  standardized 
the  meter  dial  faces,  so  that  a  man  at  a  glance  could  read  what 
he  wished  to  read,  without  going  over  the  whole  name-plate. 

In  regard  to  the  oil,  I  believe  it  would  be  better  to  adhere  to 
the  present  practise  of  having  the  manufacturers  furnish  the 
oil,  as  it  would  be  very  difficult  for  the  smaller  companies  to  select 
the  ]:)roper  oil  for  the  transformers,  and  last,  but  not  least,  in  case 
of  failure  the  manufacturers  could  not  lay  the  trouble  to  improper 
oil,  if  it  was  furnished  by  them. 

M.  O.  Troy:  Actual  failures  of  transformers  in  service  are 
represented  by  a  very  small  percentage,  yet  it  is  very  important 
that  this  percentage  be  reduced  in  every  way  possible,  as  each 
breakdown  may  constitute  a  risk  to  person  or  property.  Inas- 
much as  we  are  dealing  with  such  small  percentages,  any  mere 
discussion  on  the  part  of  engineers  as  to  what  will  or  will  not 
decrease  this  ])crcentagc  cannot  settle  the  matter,  and  we  have 
to  resort  to  actual  statistics  such  as  Mr.  Roper  has  collected  and 
presented. 
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In  many  of  our  electrical  devices,  such  as  the  flat  iron  or  incan- 
descent lamp,  failiu-e  merely  means  the  loss  of  that  device,  pos- 
sibly a  little  complaint,  and  replacement  if  it  has  not  given  the 
service  expected  of  it,  but  no  particular  damage  is  expected  or 
done.  The  distribution  transformer,  however,  occupies  a  unique 
field  in  that  it  is  supposed  to  supply  these  devices  uninterruptedly, 
to  take  the  high-voltage  energy,  transform  it,  and  to  permit  the 
user  to  apply  it  to  the  various  current-consuming  devices  with  no 
misgiving  and  usually  with  no  question  as  to  safety. 

Mr.  Roper  has  pointed  out,  without  resorting  to  theories  or 
deductions,  methods  for  obtaining  greater  safety  and  continuity 
of  service,  and  has  established  his  contentions  by  actual  results 
of  operation  based  on  observation  of  hundreds  of  installations. 

Mr.  Fishers  plea  for  standardizationis  timely — 11 00- or  1200- 
volt  plants  are  rapidly  going  out  of  existence,  and  the  time  has 
now  practically  arrived  when,  for  a  large  part  of  this  work,  we  can 
establish  one  primary  voltage  in  the  neighborhood  of  2200  or 
2400  volts — possibly  as  a  compromise  2300  volts.  This  will 
enable  the  manufacturers  to  do  away  with  connection  boards, 
or  else  to  use  connection  boards  merely  as  lead  supports,  and  with 
such  liberal  spacings  as  will  not,  under  any  operating  strains, 
permit  failiu^e  of  the  board.  If,  for  convenience  in  some  cases, 
it  is  necessary  to  supply  connection  boards,  my  experience,  based 
on  observation  of  hundreds  of  thousands  of  units,  conforms  to  Mr. 
Roper's — namely,  that  it  is  better  to  submerge  the  boards. 

Referring  to  Mr.  Lincoln's  contention  that  in  some  instances 
the  unsubmerged  connection  board  might  be  advisable  to  act  as 
a  safety  valve  by  arcing  across,  blowing  the  fuses,  and  discon- 
necting the  transformer — it  would  seem  that  this  pre-supposes 
that  the  transformer  strains,  from  lightning  or  high  frequency, 
are  from  one  primary'  to  another.  Is  it  not  true  that  the  lightning 
strains  are  more  frequently  from  primary  to  ground ,  and  a  relief 
of  these  strains,  via  the  connection  board,  assumes  that  the  light- 
ning must,  in  some  way,  go  from  the  connection  board  to  the 
neutral  of  the  secondary?  Inasmuch  as  this  method  of  break- 
down is  one  of  the  very  things  we  are  trying  to  guard  against,  it 
would  seem  preferable  to  make  the  connection  board,  if  it  is 
used,  as  strong  as  possible,  and  to  provide  a  safety  valve — say 
lightning  arresters — outside  of  the  transformer. 

Another  objection  to  relying  on  the  connection  board  to 
discharge  high-frequency  energy  is  that  the  discharge  ])ath  con- 
sists merely  of  a  small  number  of  gajjs  with  no  resistance  in  series, 
and  acts  very  much  like  an  arcing  ground,  in  that  in  the  very  act 
of  relieving  the  strains,  the  arc  itself  mav  break  down  the 
windings. 

A  great  many  manufacturers  are  now  carrying  two  lines  of 
transformers  within  the  voltage  range  under  discussion,  namely, 
1100/2200  and  1200/2400- volt  lines.  It  would  be  my  recom- 
mendation that  we  supplant  these  with  a  line  of  one  primary 
voltage — say  2300,  with  a  density  range  in  the  core,  making  the 
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transformers  satisfactory  for  operation  under  any  range  of  volt- 
age from  2100  to  2400;  that  we  btiild  the  transformers  as  strong 
as  practical  consideration  of  costs,  when  balanced  against  results 
secured,  will  permit,  and  provide  a  safety  valve  in  the  way  of  a 
well-designed  lightning  arrester  for  use  outside  the  transformer. 
This  recommendation,  I  believe,  embodies  the  standardization 
idea  suggested  by  Mr.  Fishel,  and  as  far  as  I  can  see,  is  in  con- 
formity with  the  recommendations  which  might  be  made,  based 
on  the  statistics  submitted  in  Mr.  Roper's  paper,  and  deductions 
which  may  be  made  therefrom. 

E.  E.  F.  Creighton:  Only  those  who  have  been  through  the 
experience  of  collecting  a  mass  of  data,  and  under  the  various  and 
variable  conditions  sufch  as  exist  on  a  large  distribution  system, 
realize  how  difficult  it  is,  first  of  all,  to  gather  reliable  data,  and 
next,  to  correlate  these  data  in  such  a  way  as  to  draw  any 
practical  and  useful  conclusions.  Breaking  a  path  through  any 
unknown  region  is  always  far  more  difficult  than  following  one 
already  made.  The  work  of  months  can  finally  be  expressed  in  a 
few  brief  tables  and  descriptions,  giving  no  comprehension  of 
the  labor  involved.  Mr.  Roper's  information  has  been  collected 
at  a  considerable  financial  outlay,  and  has  called  for  careful 
organization  of  untrained  men.  From  the  stand*point  of  per- 
fecting electrical  protection,  the  investigation  has  a  great  value. 
It  has  done  more  than  confirm  the  results  of  laboratory  experi- 
ments. There  has  been  added  apparently  a  new  conception  of 
the  nature  of  some  surges  which  were  considered  harmless. 

In  the  matter  of  deterioration  due  to  successive  strains  in  the 
accelerated  life  tests,  it  might  be  pertinent  to  state  that  such 
laboratory  tests  have  been  made.  Mr.  Roper's  paper  deals  par- 
ticularly with  lightning,  and  in  the  duplication  of  lightning  it 
has  been  possible  in  the  laboratory  to  furnish  any  kind  of  a  siu^ge 
that  is  required — high  frequency , high  potential,  steep  wave  front, 
sloping  wave  front,  etc.,  and  with  these  discharges, accelerated 
life  tests  were  made  on  transformers.  In  conjunction  with  this, 
different  types  of  lightning  arresters  have  been  tested  out  at  the 
same  time. 

In  such  tests,  applied  to  many  transformers,  we  have  fotmd  that 
there  is  a  deterioration  from  successive  discharges.  In  nearly 
everv  case  the  transformer  is  able  to  withstand  more  than  one 
discharge.  Of  course,  the  number  of  discharges  that  the  insula- 
tion will  stand  is  dependent  upon  the  severity  of  the  discharge, 
that  is  to  say,  in  general,  upon  the  voltage  and  the  steepness  of 
the  wave  front.  The  tests  have  shown  that  successive  discharges 
will  deteriorate  vSome  types  of  insulation,  in  somewhat  the  same 
way  that  a  nail  is  driven  through  a  board  by  successive  strokes 
of  a  hammer. 

All  the  laboratory  experiments  confirm  Mr.  Roper's  statement 
that  there  is  a  deterioration  carried  on  year  after  year  due  to 
lightning. 

Very  recently  Mr.  DeBlois  gave  a  paper  before  the  Institute, 
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at  Washington,  in  which  he  showed  oscillograms  of  lightning 
strokes  which  have  different  wave  fronts,  and  gave  us  a  very  good 
idea,  so  far  as  it  goes,  of  the  different  kinds  of  lightning  strokes 
which  should  be  reproduced  in  the  laboratory. 

Briefly  expressed,  some  of  the  salient  points  brought  out  by 
the  data  so  far  gathered  are  as  follows:  Doing  away  with  ex- 
posed terminals  reduces  the  troubles  by  one-haJf ,  placing  arres- 
ters on  the  same  pole  with  the  transformers  has  still  further  re- 
duced the  trouble  by  one-third,  and  by  further  improvements 
in  protection  the  troubles  may  be  again  decreased  one-half, 
making  a  total  of  one-twelfth  the  present  troubles.  Since  the 
total  trouble  was  originally  small,a  reduction  to  one-twelfth  makes 
the  effects  of  lightning  quite  negligible. 

The  new  conception  of  the  danger  from  surges  is  furnished 
by  the  data  which  show  that  where  a  terminal  board  is  exposed 
in  such  a  way  as  to  allow  a  lightning  discharge  to  take  place 
through  the  case,  the  transformer  is  not  protected  but  actually 
damaged.  Short  circuits  at  the  terminal  of  a  transformer  cut 
off  the  coils  from  the  heating  effect  of  the  current.  What,  then, 
could  damage  the  transformer  coils  but  a  surge?  Mr.  Roper's  re- 
sults show  th^t  one-third  more  transformers  were  damaged  where 
the  terminals  were  exposed  than  where  they  were  not  exposed. 
These  data  have  important  significance. 

Summarizing  the  situation,  all  the  information  collected  to 
date  would  impose  the  following  practise  for  the  protection 
against  lightning: 

First :  Have  no  exposed  terminal  boards.  By  that  I  mean  the 
discontinuance  of  the  practise  of  using  a  terminal  board  as  any 
sort  of  protection  for  the  transformer. 

Second :  Place  the  arrester  on  the  same  pole  wdth  the  trans- 
former. The  objection  brought  up  by  one  of  the  speakers  that 
different  grounds  should  be  used  is  pertinent,  but  that  has  noth- 
ing to  do  with  placing  the  lightning  arresters  on  the  same  pole 
with  the  transformer,  as  two  separate  grounds  can  still  be  used 
where  desired,  and  in  every  case  it  seems  to  me  desirable  to  have 
a  gap  between  the  lightning  arrester  ground,  and  the  ground 
on  the  secondary  of  the  transformer. 

Third:  Use  an  arrester  with  good  protective  qualities. 
These  practical  investigations  Mr.  Roper  has  made  have  given 
us  information  on  the  nature  of  the  lightning  strokes,  that  is  to 
say,  the  percentage  of  low-frequency  strokes  to  high-frequency 
strokes,  and  steepness  of  the  wave  front,  and  therefore  we  are 
able  today  to  choose  the  factors  in  a  lightning  arrester  to  better 
advantage  than  ever  before. 

Fourth :  Ground  the  transformer  case  to  the  ground  terminal 
of  the  arrester,  through  a  gap  if  desired.  Although  many  en- 
gineers differ  from  this  conclusion,  my  own  tests  have  shown  that 
connecting  the  case  to  the  ground  terminal  of  the  arrester  gives 
a  valuable  improvement  in  the  protection,  in  that  it  makes  the 
protective  element  of  the  arrester  more  nearly  independent  of 
the  resistance  of  the  earth  connection. 
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There  are  many  places  where  it  is  absolutely  impossible  to  get 
a  good  earth  comiection.  It  has  been  pointed  out  that  the  ob- 
ject in  protection  is  not  necessarily  to  reduce  the  lightning  poten- 
tial to  grotmd  potential,  but  to  prevent  a  great  difference  of 
potential  from  the  primary  to  the  secondary  and  case.  If 
the  lightning  arrester  is  connected  from  the  primary  to  the  case, 
and  through  a  gap  to  the  secondary,  then  it  is  possible  to  have 
the  transformer,  say,  at  200,000  volts  above  ground  potential, 
with  only  a  difference  of  potential  from  the  primary  to  the  second- 
ary and  case  of  about  6000  or  8000  volts.  This  point  of  con- 
necting the  lightning  arrester  to  the  case  is,  I  believe,  the  solu- 
tion of  the  problem  presented  by  high-resistance  earth  connections. 
Furthermore,  it  eliminates  the  inductance  of  30  ft.  of  line  from 
the  transformer  to  the  ground.  It  has  been  demonstrated  in 
practise,  by  many  years  of  experience,  that  a  short  length  of  line, 
even  the  distance  from  the  transformer  to  the  next  pole, 
introduces  in  the  arrester  circuit  stifficient  inductance  to  greatly 
decrease  the  protection  of  the  transformer.  Therefore,  it  is 
reasonable  to  conclude  that  the  30-ft.  length  from  the  transfor- 
mer to  ground  is  also  objectionable. 

H.  B.  Alverson:  Mr.  Roper's  paper  has  pointed  out  very 
definitely  the  troubles  occurring  with  the  transformers  and  the 
fuses.  It  is  very  evident  that  the  transformer  ought  not  to  be  a 
lightning  arrester,  and  this  one  point  would  argue  for  a  change  in 
the  matter  of  terminal  boards  in  the  transformers. 

The  question  of  lightning  arresters  on  the  same  pole  with 
transformers  is  a  ver}^  difficult  one  in  city  work,  where  you  have 
joint  line  construction,  and  you  are  compelled  to  use  the  same 
poles  with,  perhaps,  two  other  telephone  companies.  The  use  of 
a  number  of  lightning  arresters  on  a  circuit  is  bad  practise,  in 
case  of  trouble,  when  you  have  to  look  up  the  soiu^ce  of  trouble. 
A  limited  nvunber  of  lightning  arresters  properly  placed  will  do 
as  much  good,  and  trouble  is  easier  to  locate,  than  with  a  greater 
number  of  lightning  arresters  connected  with  your  distributing 
transformers. 

As  to  the  question  of  fuse  box,  I  believe  with  Mr.  Roper,  that 
that  question  should  be  considered  entirely  separate  from  that 
of  transformers.  The  question  of  the  fuse  box  can  be  better 
determined  by  the  nature  of  the  work  outside,  and  the  method  of 
locating  them  on  the  poles. 

W.  L.  Granger:  Nearly  two  years  ago  we  imdertook  to  stand- 
ardize our  transformer  connections,  that  is,  we  removed  the 
terminal  boards.  Of  course,  the  conditions  in  Detroit  are  such 
that  it  leaves  us  with  a  pretty  clear  course,  in  other  words,  there 
apre  two  entirely  independent  systems,  one  operating  at  4600 
volts  and  the  other  one  at  2300  volts.  We  find  that  we  are  get- 
ting very  good  results  from  the  change. 

In  regard  to  Mr.  Lincoln^s  remarks  relative  to  the  proper 
dimensions  of  the  terminal  block  at  the  oil  level,  it  appeared  from 
our  experience  that  the  dimensions  were  of  comparatively  little 
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consequence;  that  is  to  say,  if  you  had  a  transformer  located  in 
the  manufacturing  district  where  there  was  a  lot  of  smoke  and 
coal  soot,  the  transformer  in  time  is  bound  to  breathe  in  more  or 
less  of  this  soot  and  smoke.  We  fotmd  in  the  summer  time  that 
the  oil  would  evaporate  and  there  would  be  some  moisture  on 
top  of  the  block,  and  this  soot  and  smoke  wotdd  go  right  in  on  it, 
and  it  did  not  seem  to  make  much  difference,  after  a  time,  what 
distance  you  might  have  between  these  terminals  on  the  pri- 
mary side  of  the  transformer.  In  other  words,  we  found  the 
transformers  would  break  down  across  the  block,  due  to  losses 
on  the  lines,  in  the  winter  time,  even,  when  there  was  no  lightning, 
so  that  we  are  taking  the  connection  boards  out  entirely  and  or- 
dering our  new  transformers  without  the  blocks  at  all. 

In  regard  to  lightning  arresters,  I  quite  agree  with  Mr.  Roper 
on  his  proposition  of  furnishing  a  lightning  arrester  for  each 
transformer.  It  appears,  after  some  observation  on  my  part 
and  some  little  experience,  that  this  i^nll  probably  solve  the 
problem. 

As  to  the  matter  of  lightning  arresters  that  break  down  in  ser- 
vice, causing  arcing  groimds  on  such  a  line,  last  summer  I  in- 
serted in  the  line  side  of  the  lightning  arrester  tmit  a  fuse  which 
was  a  piece  of  No.  18  copper  wire  inside  a  glass  tube.  It  was  a 
very  inexpensive  affair,  placed  away  from  the  lightning  arrester 
itself,  so  that  the  terminal  leading  from  the  fuse  into  the  box  is 
a  flexible  piece  of  wire.  We  have  had  fairly  good  success  with 
this  device,  so  that  what  we  are  doing  this  year  is  to  put  in  these 
fuses  in  all  of  our  multi-gap  arresters. 

W.  J.  Wooldridge:  There  are  three  principal  points  to  which 
we  must  look  in  order  to  insure  reliability  of  transformers.  Two 
of  these  points  have  been  touched  on,  the  first  being  the  design, 
which  includes  the  proper  proportioning  of  insulation  and  arrange- 
ment of  cords  and  connections,  etc. ;  the  second  being  the  actual 
manufacture;  and  the  third  being  the  insulation  and  protection 
of  installed  apparatus. 

It  is  a  little  out  of  line,  perhaps,  >^'ith  what  has  been  discussed, 
but  I  would  like  to  say  a  word  on  a  certain  point,  and  that  is  the 
actual  point  of  manufacture. 

It  is  very  essential,  of  course,  that  the  insulation  should  be 
kept  intact.  The  engineer  must  allow  a  certain  margin  of  safety 
when  he  figures  on  the  amoimt  of  insulation  to  be  put  in,  and  part 
of  that  margin  of  safety  is  to  be  allowed  for  possible  accidents  in 
the  installation;  but  a  great  deal  depends  upon  the  careful 
handling  of  the  insulation  by  the  workmen.  The  workmen,  in 
order  to  be  taught  to  properly  handle  the  insulation,  cannot 
be  successfully  reprimanded  or  coerced,  they  must  be  coaxed 
and  trained  into  understanding  the  full  value  of  insulation; 
and  in  order  to  put  the  workmen  into  a  proper  frame  of  mind, 
the  idea  of  "safety  first**  has  to  be  thoroughly  carried  out.  The 
workman  must  be  made  to  understand  that  he,  too,  is  being 
looked  after  in  the  same  way  that  he  must  look  after  the  material. 
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D.  W.  Roper:  Mr.  Moody  in  opening  the  discussion  brought 
out  the  point  that  co-operation  such  as  is  shown  in  this  paper,  was 
desirable.  We  sometimes  have  the  same  dilBSculty  in  getting  the 
co-operation  of  some  of  our  customers — they  expect  us  to  relieve 
them  of  their  troubles  without  knowing  anything  about  them,  and 
it  is  only  after  being  properly  informed  of  the  troubles  which 
occtu"  that  we  can  take  steps  to  remedy  or  eliminate  them. 

On  the  question  of  connection  boards,  on  which  there  was  quite 
a  little  discussion,  the  conclusions  as  reached  in  the  paper  were 
criticised,  and  it  was  suggested  that  an  improved  design  of  con- 
nection board  would  have  shown  quite  different  results.  That 
is  very  true,  but  in  the  case  of  an  operating  company  which  has 
no  use  for  a  connection  board,  it  does  not  appeal  very  strongly  to 
them  to  experiment  in  trying  to  eliminate  the  dilBSculties  in  the 
connection  board,  if  they  can  as  well  eliminate  the  connection 
board  itself.  In  Chicago  the  present  practise  in  purchasing 
transformers  is  to  remove  them  before  they  are  placed  in  service, 
and  in  addition,  the  transformers  which  come  into  the  storeroom 
due  to  changes,  such  as  increase  in  capacity,  or  to  removals,  or 
changes  in  location,  or  other  contingencies  of  that  kind, have  their 
connection  boards  removed  before  again  going  out  on  the  line. 

The  point  was  raised  that  Tables  IV  and  V  referred  to  trans- 
formers of  quite  different  ages.  That  is  very  true.  The  ages  of 
the  various  transformers  were  quite  different,  and  the  dilBSculty 
was  recognized  of  properly  allowing  for  the  difference  in  age  in 
making  up  the  curv^es  which  are  shown  in  these  tables.  However, 
if  such  an  allowance  had  been  made  it  would  have  served  to  ac- 
centuate the  differences  shown  in  the  table. 

The  point  was  raised  of  the  difficulty  of  insta-lling  lightning 
arresters  on  the  same  pole  with  transformers  on  account  of  the 
necessity  of  having  a  separate  ground  for  the  lightning  arrester 
and  the  transformer  secondary.  That  is  a  point  which  comes  up 
frequently,  but  we  have  settled  it  for  our  ptu*pose  by  installing 
the  lightning  arrester  ground  on  the  same  pole  with  the  trans- 
former, and  installing  the  secondary  ground  on  a  different 
pole.  In  most  of  the  installations  the  transformer  secondary 
serves  a  number  of  customers,  so  we  can  just  as  well  put  the  sec- 
ondary ground  on  the  adjacent  pole.  Where  necessary  we  string 
in  an  additional  span  of  the  secondary  neutral  wire  for  the  pur- 
pose of  removing  the  secondary  ground  to  the  next  pole,  and  get- 
ting it  away  from  the  lightning  arrester  ground. 

The  question  was  raised  of  the  additional  troubles  which 
would  be  experienced  with  the  large  number  of  lightning  arresters. 
Our  experience  with  several  types  of  lightning  arresters  is 
that,  on  the  whole,  the  lightning  arresters  of  the  present  day 
give  comparatively  few  interruptions  to  service,  and  that  they 
are  almost  as  reliable,  as  far  as  freedom  from  interruption  of  the 
service  is  concerned,  as  the  transformers  themselves.  These 
remarks  do  not  refer  at  all  to  their  value  as  protective  devices, 
but  refer  to  their  vulnerablity,  as  you  might  call  it,  or  their 
danger  as  a  source  of  interruption. 
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A  point  was  also  raised  about  the  grounding  of  transfonner 
cases.  This  matter  was  not  mentioned  in  the  paper.not  because 
we  have  no  installations  of  that  kind,  but  because  they  have  not 
been  in  ser\-ice  long  enough  to  have  given  us  any  different  ex- 
periences to  report.  We  have  about  six  hundred  transformers 
whose  cases  are  grounded  on  three  different  circuits,  and  we  are 
trying  to  keep  our  records,  so  we  will  have  some  practical  exper- 
ience along  that  line. 

The  statement  was  made  that  there  was  some  difScultv  in 
getting  proper  grounds  where  joint  pc^  Une  construction  was 
used.  A  large  proportion  of  the  distribution  in  Chicago  is  on 
pole  lines  jointly  oivned.  The  worst  that  can  happen  in  such  a  case 
is  that  the  telephone  company  may  locate  a  ground  for  their 
aerial  cable  sheath  on  the  pde  that  you  afterwards  sdect  as  a 
transformer  pole,  and  the  section  of  that  difScultA*  is  to  pay  them 
to  remove  it  to  the  next  pc^. 

The  point  was  raised  that  an  arrester  on  each  transformer  was 
not  necessary.  That  is  true;  it  is  merely  a  question  of  the  qual- 
ity of  service  which  the  company  desires  to  supply  toitscustomers. 
With  asmall  number  of  lightning  arresters  they  can  give  one  grade 
of  service,  and  with  a  la^er  number  of  arresters  they  can  give  a 
little  Uglier  grade.  If  the  smaller  number  of  arresters  is  suffi- 
cient to  supply  the  demand  in  your  particular  city  there  is  no  ob- 
ject in  incurring  the  additional  expense  of  the  larger  number  of 
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INHERENT   VOLTAGE   RELATIONS   IN    Y   AND   DELTA 

CONNECTIONS 


BY  ROYAL  W.  SORENSEN  AND  WALTER  L.  NEWTON 


Abstract  of  Paper 

The  paper  gives  the  results  of  experiments  made  with  a  minia- 
ture simple  transmission  system  to  demonstrate  the  inherent 
voltage  relations  with  different  combinations  of  Y  and  delta  con- 
nections. 

The  experimental  system  consisted  of  a  7.5-kv-a.  revolving  field 
generator,  with  coil  terminals  which  could  be  connected  either 
Y  or  delta,  and  two  banks  of  transformers  each  composed  of  three 
shell- type  3-kv-a.  units.  All  inductive  and  capacity  effects 
in  the  transmission  line  were  eliminated.  The  tests  were  made 
under  constant  conditions,   with  non-inductive  load. 

The  authors  give  the  results  of  four  groups  of  tests,  on  four 
different  systems  of  connections,  pointing  out  the  advantages 
and  disadvantages  of  the  several  systems.  In  each  case  tests 
were  made  without  load,  with  balanced  load,  and  with  load  on 
one  phase  only,  for  various  conditions  of  grounding.  Typical 
voltage  diagrams  are  given,  to  show  what  happens  under  various 
conditions  of  load. 

The  authors  discuss  certain  cases  where  the  use  of  auto- 
transformers  is  advantageous,  and  the  effects  of  different  ways 
of  connecting  them. 


THE  HIGH  survival  value  which  the  subject  of  Y  and  delta 
systems  has  as  a  matter  of  discussion  almost  warrants 
the  assumption  that  inherently  neither  system  can  be  said  to 
be  generally  inferior  to  the  other  for  the  transmission  and  dis- 
tribution of  electric  energy.  On  the  other  hand,  if  there  is  to 
be  any  choice  of  either  system,  even  for  special  work  such  as 
long-distance  transmission  at  high  voltage,  it  would  seem  as 
though  the  choice  must  be  based  upon  certain  features  inherent 
in  the  method  of  connections,  even  though  these  features  may 
not  in  themselves  be  bad,  but  rather  become  conducive  to 
trouble  only  when  combined  with  other  featiu^es  incident  to 
that  particular  condition. 

It  is  the  purpose  of  this  paper,  therefore,  merely  to  bring  to 
the  attention  of  those  interested,  experiments  made  with  simple 
Y-connected  and  delta-connected  systems  and  to  show,  if  pos- 
sible, wherein  the  advantages  of  one  with  respect  to  the  other 
may  lie. 

The  simplest  system  which  could  be  constructed  would  be 
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that  of  a  single  three-phase  line  supplied  at  one  end  through 
step-up  transformers  by  the  generator  and  at  the  other  end  giv- 
ing out  its  energy  to  the  connected  load  through  a  bank  of  step- 
down  transformers. 

As  there  can  be  made  with  each  three-phase  bank  of  trans- 
formers fotir  combinations  of  connections,  and  as  the  generator 
and  the  receiving  motor  may  be  connected  either  Y  or  delta,  it 
is  readily  evident  that  even  in  a  very  simple  system  there  may 
be  made  a  large  number  of  combinations. 

The  generators  as  a  rule  are  connected  Y  because  of  the 
better  waveform  obtained, as  seen  in  Figs.  1  and  2,  and  because 
of  the  convenient  ground  point  which  is  then  provided.  Ex- 
perience has  practically  made  standard  the  delta  connection 
for  the  low-tension  windings  of  both  the  step-up  and  step-down 
transformers,  thus  leaving  for  consideration  only  the  arrange- 
ments of  the  high-tension  windings  of  step-up  or  step-down 
transformer  banks.  These  may  both  be  connected  Y,  as  has 
been  very  generally  done,  and  the  neutral  points  may  be  grounded 
or  not  grounded,  the  grounded  condition  being,  however,  the 
one  in  general  use.  They  may  both  be  connected  delta  or  one 
may  be  connected  delta  and  the  other  connected  Y,  a  condition 
not  usual,  but  one  which  in  some  cases  has  been  thought  desir- 
able. 

Having  made  a  selection  as  to  the  arrangement  to  be  adopted 
in  any  particular  system,  it  is  of  course  obvious  that  this  sys- 
tem must  be  carried  throughout  for  any  points  of  multiple 
connection  of  transformer  banks  or  transmission  lines,  because 
of  the  impossibility  of  delta-Y  banks  being  run  in  parallel  with 

delta-delta  banks. 

Description  of  Tests 

To  determine  the  inherent  relations,  a  miniature  system  con- 
sisting of  a  7.5-kv-a.  revolving  field  generator,  with  coil  ter- 
minals brought  out  so  that  it  could  be  readily  connected  Y 
or  delta,  and  two  banks  of  transformers  each  consisting  of  three 
shell-type  3-kv-a.  units,  was  constructed.  All  inductive  and 
capacity  effects  in  the  transmission  line,  which  was  in  this 
case  only  the  necessary  leads  for  connecting  together  the  high- 
tension  windings  of  the  step-up  and  step-down  transformer 
banks,  were  entirely  eliminated.  This  must  be  kept  in  mind 
when  considering  the  conclusions  drawn  from  the  tests. 

All  tests  were  made  for  constant  conditions  and  the  load 
used  was  non-inductive.  Potentials  were  measured  with  a 
multicellular   electrostatic   voltmeter,  which  on  closed  circuits 


Fig.  2 — Voltage   Curve.   Central    Laboratory   Alternator. 
Volts,  50  Cycles.      Y-Connected. 


1914] 


Y  AND  DELTA   CONNECTIONS 


713 


was  carefully  checked  with  a  standard  portable  dynamometer 
instntment. 

All  connections  were  carefully  insulated  from  each  other 
and  from  ground,  as  was  also  the  frame  of  the  generator,  except 
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in  such  cases  as  it  was  well  grounded  with  a  copper  ground. 

In  all  tests  the  transformer  cores  and  cases  were  well  grounded. 

The  first  group  of  tests  was  made  on  the  system  connected 

as  in  Fig.  3,  without  load,  with  balanced  load,  and  with  load 
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%L.T. 

0 

Nana 

i          No« 

57.7 

67,7 

83.0 

.63.0 

Balinod 

Nod* 

NtBtltl 

1              ■ 

, 

Iphuc 

None 

60.5 

180.0 

18.3 

73.0 

167.0 

138-0 

276.0 

None 

Oneloulluc 

74.5 

70.0 

100.0 

SOO.O 

T1.5 

104.0 

20B.0 

Biluced 

Doc  H.T.  Un 

e          Non. 

100  0 

Ofi.O 

01.2 

"' 

— 

— 

0 

■In  tbsH  tkbin   rudinsi  with  Dnsionndad  g 
noted  in  TabiM  II  and  IV).  u  thii  condition  ao 


on  one  phase  only,  for  various  conditions  of  grounding.  Some 
typical  results  of  these  tests  are  shown  in  Table  I.  When  one 
phase  only  is  loaded,  such  condition  is  obtained  in  one  of  two 
ways:  by  opening  a  high-tension  line,  or  by  opening  a  low-ten- 
sion line  on  the  load  end. 
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Fig.  4  shows  the  no-load  voltage  diagrams  of  high-  and  low- 
tension  lines  superimposed  upon  one  another.  The  step-up 
and  step-down  transformers  being  identical,  the  delta  represents 
voltages  of  generator,  primaries  of  step-up  transformers  and 
secondaries  of  step-down  transformers.  Line  voltages,  second- 
aries of  the  step-up,  and  primaries  of  the  step-down  trans- 
formers are  shown  by  the  Y.  If,  as  was  assumed,  the  diagram 
is  drawn  to  scale,  it  would  be  supposed  that  a  meastu^ment 
from  any  point  on  the  delta  to  any  other  point  on  the  Y  would 
give  the  voltage  between  corresponding  points  on  primary  and 
secondary  of  transformers.  This,  however,  was  found  not  to 
be  true  in  many  instances.  With  no  ground  point  on  the  sys- 
tem except  the  transformer  cases,  the  electrostatic  strains  wotild 
be  anywhere  from  50  to  100  per  cent  greater  than  the  values 
obtained  by  meastu^ments  from  the  diagram.  The  neutral 
point  of  the  Y,  which  should  normally  be  at  ground  potential, 
was  foimd  to  be  at  some  distance  above.     It  was  in  fact  found 


4 
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Fig.  5  Fig.  6 

that  no  point  on  the  entire  system  was  exactly  at  ground  po- 
tential, except  of  course  the  transformer  cases,  and  even  the  frame 
of  the  alternator  was  found  to  be  at  a  potential  above  ground 
greater  than  normal  line  voltage.  These  facts  can  lead  to  but 
one  conclusion,  namely,  that  the  conditions  on  all  systems 
cannot  be  truly  represented  on  one  plane. 

On  this  assumption,  a  great  nxmiber  of  readings  were  taken, 
and  it  was  found  that  each  section  of  the  system  might  lie  in 
a  totally  different  plane,  but  that  these  planes  are  always 
approximately  parallel. 

An  end  view,  then,  of  Fig.  4  would  appear  as  in  Fig.  5,  in  which 
each  line  represents  the  plane  on  which  the  respective  diagrams 
would  have  to  be  drawn  to  represent  correctly  the  readings 
obtained.  No  definite  law  seems  to  govern  the  relative  posi- 
tion of  these  planes.  On  one  day  the  distance  between  them 
may  be  twice  that  obtained  on  another.  However,  the  primary 
and  secondary  planes  are  always  on  opposite  sides  of  ground, 
as  shown. 
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The  groiinding  of  the  Y  neutral  brings  the  transmission  line 
plane  to  ground  potential,  but  maintains  a  nearly  constant 
potential  between  this  plane  and  the  generator  plane,  so  that 
the  potential  between  generator  plane  and  ground  is  doubled, 
as  in  Fig.  6.  When  the  generator  frame,  which  heretofore  had 
been  well  insulated,  was  thoroughly  groimded,  all  potentials 
were  brought  to  the  same  plane  and  the  voltages  read  corre- 
sponded to  those  measured  from  the  diagram,  in  Fig.  4. 

As  load  is  added  to  the  tmgroimded  system,  the  distance 
between  the  respective  planes  decreases,  and  appears  to  be  some 
function  of  the  load.  When  loaded,  the  difference  between 
them  is  inappreciable.  This  is  true  of  unbalanced  as  well  as 
balanced  loads.  Conditions,  then,  are  better  at  load  than  at 
no  load,  or  very  light  load.     (See  Table  I.) 

The  second  group  of  tests  was  made  with  the  same  trans- 

TABLB    II 


Load 

Gr'd  point. 

Open  point. 

Maximum  per  cent  volti. 

H.T.to 

Gr'd. 
%H.T. 

L.  T.  to 

Gr'd. 

%L.  T. 

H.  T.  to  L.  T. 

N.to 

Gr'd 

%H.T. 

%H.T. 

%  L.  T. 

t         0 
Balanced 

None 

m 

None 

m 

67.7 

m 

61.0 

m 

86 

• 

167.0 

a 

0 

• 

fGenerator  frame  not  grounded. 


former  arrangement  but  with  the  generator  connected  Y.  The 
tests  made  under  these  conditions  gave  results  as  in  Table  II, 
which  are  very  similar  to  those  of  the  first  group,  in  that  there 
still  remains  the  tendency  for  the  voltage  planes  to  separate 
on  the  ungrounded  system,  at  light  load.  This  condition  is  prob- 
ably better,  however,  than  the  first,  due  to  the  better  wave 
shape  obtained  with  the  generator  in  Y,  as  can  be  seen  by  a 
comparison  of  Figs.  1  and  2. 

From  these  data  the  following  conclusions  for  a  Y-connected 
transmission  line  may  be  drawn:  The  generator  should  be 
connected  Y.  The  neutral  point  should  be  well  groimded  at 
both  ends  to  relieve  electrostatic  strains.  There  is,  of  course, 
the  objection  to  a  grounded  neutral,  that  if  a  line  becomes 
grounded  also,  one  phase  is  short-circuited.  The  second  point, 
which  fortunately  does  not  often  arise  in  practise,  is  that  all 
alternator  frames,  motor  frames,  and  transformer  cases  should 
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be  thorouslily  gTotmdedy  not  only  for  the  foregoing  consider- 
ations, but  also  to  protect  the  lives  of  operators  and  linemen. 

The  disadvantages  of  Y-connected  transmission  lines  may  be 
summed  up:  Difficulty  of  obtaining  a  satisfactory  ground  on 
the  neutral,  and  overload  or  short  circuit  of  one  phase  by  partial 
or  complete  grounding  of  a  line. 
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Fig.  7 


The  third  group  of  tests  was  made  with  the  system  connected 
as  in  Pig.  7,  with  the  same  load  conditions  as  in  the  previous 
set  of  tests.  With  this  arrangement  the  normal  stresses  are 
about  the  same  as  with  the  Y  connections  (see  Table  III),  and 
the  unbalancing  of  load  causes  no  serious  variation  in  voltage 
relations,  but  there  remains  the  tendency  for  the  circuits  to 


TABLE   III 


Mazimam  pa*  cent  volts. 


Load 

Gr'd  point.  >  Open  point. 

H.T.to 

L.  T.  to 

H.  T.  to  L.  T. 

N.  to 

Or'd. 
%H.T. 

Or'd. 

%L.  T. 

Gr'd 
%  H.  T. 

1 

%H.T.    %L.  T. 

1          0 

,                        1 
None                None 

68.3 

67.7 

91.2        105.0 

1 

Balanced 

«                                     a 

• 

60.0 

m                     m 

— 

1  Phaae 

jOneH.T.line 

60.1 

60.1 

104.0        120.0 

— 

'            « 

*            |One  load  lead 

66.0 

67.2 

100.0        126.0 

— 

0 

OneH.T.  line          None 

1 

100.0 

64.6 

136.0        156.0 

__     i 

lie  in  different  planes,  which  separate  decidedly  with  a  removal 
of  the  ground  connections  to  the  generator  frame.  In  this 
case,  again,  the  bad  wave  form  of  the  alternator  connected  delta 
is  objectionable.  On  the  whole  this  system  is  not  to  be  re- 
commended, as  conditions  seem  to  be  particularly  unstable,  and 
there  is  no  possibility  of  obtaining  a  ground  point  if  occasion 
demands. 
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The  fourth  group  of  tests  was  made  with  the  same  trans- 
former connections  as  in  group  three,  but  with  the  generator 
connected  Y,  giving  the  better  wave  form.  This  is  apparently 
the  ideal  condition,  as  with  such  an  arrangement  it  is  unneces- 
sary to  ground  this  neutral  in  order  to  relieve  abnormal  elec- 


TABLB  iv 


Loftd 

'  Gr'd  point. 

Open  point. 

Maximum  per  cent  volts. 

H.  T.  to  L.  T. 

H.T.to 
Gr'd. 

L.  T.  to 
Gr'd. 

N.to 
Gr'd 

1 

1 
1 

%  H.  T. 

%L.  T. 

%H.T. 

%  L.  T. 

%H.T. 

t         0 

1 
Gen.  N.  (Ng)          None 

58.7 

57.7 

94.4 

109.0 

0 

m 

None 

58.2 

m 

« 

• 

3 

Balanced 

Gen.  N. 

57.7 

60.0 

« 

• 

0 

1  Phase 

1            •              OneH.T.  line 

71.7 

90.0 

167.0 

192.0 

4 

a 

!           *              One  load  lead 

81.2 

84.0 

142.0 

164.0 

« 

0 

1  H.  T.  line            None 
ftNg 

100.0 

58.0 

145.0 

167.0 

• 

« 

OneH.T.  line  i 

« 

63.7 

148.0 

168.0 

« 

Balanced 

1  H.  T.  line   \ 

a 

58.0 

145.0 

167.0 

• 

&Ng 

t 

fGenerator  frame  not  grounded. 

trostatic  strains  between  windings.  (See  Table  IV.)  All  neutral 
points  remain  close  to  ground  potential,  even  under  unbalanced 
load.  There  being  no  grounded  neutral  on  the  system,  the 
danger  of  a  short-circuited  phase  by  grounding  is  entirely  ob- 
viated, unless  two  lines  should  become  grounded  simultaneously. 

Voltage  Diagrams 

A  few  voltage  diagrams  might  help  to  make  clear  just  what 
happens  under  various  conditions  of  load.     To  avoid  needless 

repetition  of  similar  figures,  diagrams  of 
the  results  obtained  in  the  fourth  group 
of  tests  are  taken  as  typical. 

Fig.  8  represents  conditions  under 
balanced  load,  in  which  the  Y  is  the 
generator  diagram,  with  the  neutral  at' 
Ng,  The  delta  i4i,  At,  A%  represents 
the  primaries  of  the  step-up  bank  of 
transformers,  and  Li,  Lj,  L%  the  sec- 
ondaries of  this  bank  and  the  primaries  of  the  step-down 
transformers.     The   diagram  of  the  secondaries  of  step-down 


Fig.  8 
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transformers  connected  in  Y,  corresponds  to  Ai,  Aty  Az  and  is 
indicated  by  W^  Wi,  Wt. 

If,  now,  one  line  is  opened  between  step-up  and  step-down 
transformers,  conditions  result  as  in  Fig.  9,  which  is  lettered 
to  correspond  with  Fig.  8.  The  heretofore  symmetrical  figures 
become  considerably  distorted.     Wu  Wi,  W%  becomes  a  straight 


L,   A, 


Fig.  9 


Pig.  10 


line,  and  is  therefore  in  series  from  W%  to  TFa.  The  diagrams 
of  the  secondaries  of  the  step-up  bank  and  of  the  primaries  of 
the  step-down  bank  of  transformers  are  no  longer  coincident. 
The  former  is  shown  by  the  triangle  Li,  Lj,  L%  and  the  latter 
by  the  straight  line  Lj,  Li',  L%.  The  distance  hvL\  represents 
the  voltage  across  the  open  switch. 


48.2  Amp. 


•j^SnAmp. 


-60,000  Volts 

Fig.   11 


An  open  line  between  step-down  transformers  and  the  load 
gives  Fig.  10.  The  distortion  is  not  so  noticeable  as  in  the 
previous  case. 

Auto-Transformers 

The  economic  advantage  of  using  auto- transformers  for 
changing  from  one   phase  to  another  and   for  making  slight 
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voltage  changes  when  it  has  not  been  necessary  to  keep  the  two 
systems  insulated  from  each  other,  has  caused  them  to  be  quite 
extensively  used. 

Example:  A  certain  large  power  company  had  as  one  source 
of  supply  a  plant  which  delivered  power  to  the  main  distribu- 
tion center,  over  a  125-mile  (201-km.)  line,  at  a  potential  of 
50,000  volts.     In  the  new  development  60,000  volts  was  selected 


6QQ00  Volfs 


\iSO.(X>0V. 


Fig.   12 


as  a  standard  for  long  distribution  feeders,  land  as  the  line  insu- 
lation would  not  permit  the  old  system  to  be  raised  to  this 
voltage,  the  two  projects  were  tied  together  by  means  of  three 
auto-transformers,  which  were  Y-connected  and  would  cafry, 
on  the  50,000-volt  taps,  5000  kv-a.  The  connections  and 
currents  for  this  bank  of  auto-transformers  are  shown  in  Fig.  11. 
This  is  the  most  common  arrangement  of  auto-transformers 
because  it  is  both  convenient  and  economic,  and  the  only  one 


50,000  Volts 


60^000  Volts 


Fig.   13 


which  will  be  considered,  although  either  the  extended  delta 
or  the  delta  connection  as  shown  in  Fig.  12,  a  and  6,  might  have 
been  used  to  good  advantage. 

When  such  an  auto-transformer  is  used,  it  is  connected  as 
in  Fig.  13.  For  such  an  arrangement  there  may  be  two  condi- 
tions ;  grounded  neutral  and  ungrounded  neutral.  With  grounded 
neutral  the  triple-frequency  e.m.f.  which  exists  from  line  to 
ground  may  become  very  dangerous,  particularly  if  the  line  has 
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considerable  electrostatic  capacity,  as  would  be  the  case  in  the 
assumed  problem,  because  of  the  intensifying  effect  of  the 
third  harmonic  in  the  charging  current.  In  some  tests  made, 
the  maximum  stress  was  found  to  approach  three  times  normal 
potential  for  the  neutral  of  the  auto-transformer  bank  grotmded. 

With  the  neutral  of  the  auto-transformer  bank  ungrounded, 
stresses  running  up  to  50  per  cent  of  line  voltage  may  be  meas- 
ured from  ground  to  neutral,  which  is  of  cotmse  not  a  serious 
matter,  as  the  maximum  stress  will  remain  from  line  to  ground 
and  will  not  be  changed  from  normal  value. 

Laboratory  tests  for  this  connection  indicated  that  the  maxi- 
mum voltage  strain  from  the  lower  potential  lines  to  ground 
wotdd  be  about  half  the  stmi  of  the  high- voltage  and  the  low- 
voltage,  which  in  this  case  would  be  one-half  of  60,000  volts  plus 
50,000  volts,  or  55,000  volts. 

Transformer  Design 

When  transformers  were  made  in  small  sizes  only,  partic- 
ularly if  they  were  shell  type,  there  was  some  advantage  in  hav- 
ing the  windings  connected  Y  for  the  high-tension  side  of  the 
bank,  as  this  allowed  a  smaller  ntunber  of  coils  and  less  insu- 
lation, because  the  normal  strain  was  57.7  per  cent  of  that  of 
delta-connected  transformers.  The  increase  in  size  of  units 
and  the  provision  for  maximtun  strain  where  one  line  becomes 
grounded  have  made  these  economic  advantages  obsolescent, 
except  in  some  very  special  cases  of  small,  high-voltage  units. 
Hence,  from  the  point  of  design  and  manufacture,  there  is  no 
advantage  for  either  Y  or  delta  construction. 

Appendix 

It  may  be  of  interest  to  consider  an  actual  network  diagram 
of  the  system  of  a  large  western  power  company,  as  shown  in 
Fig.  14.     The  following  nomenclature  is  used: 

i4,  engine-driven  alternator. 
Til,  turbine-driven  alternator, 
r,  transformers. 
ATf  auto-transformers. 

The  niunerals  indicate  the  voltage  at  various  points  on  the 
system.  For  simplicity,  the  location  of  switches  has  not  been 
shown.  Several  small  generating  stations  on  the  system  are 
not  shown. 
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Power  house  No.  1  contains  three  (shown  as  one  in  diagram) 
engine-driven  alternators  deUvering  power  at  15,000  volts  di- 
rectly to  the  busbars.  The  two  turbo-generator  sets  generate 
at  9000  volts  and  step  up  to  the  busbar  voltage  through  auto- 
transformers.  In  substation  No.  1  this  is  stepped  up  through 
transformers  to  connect  with  a  50,000-volt  line,  and  in  sub- 
station No.  2  it  connects  with  a  60,000-volt  line  through  trans- 
formers. 


Power  house  No.  2  (not  shown)  is  a  hydroelectric  plant. 
"The  generator  voltage  is  stepped  up  with  delta-Y  (grounded 
xieutral)  transformers  to  150,000  volts,  at  which  voltage  it  is 
^delivered  to  substation  No.  2,  where  it  is  transformed  to  60,000 
"Volts  as  shown.  The  50,000-volt  line  from  power  house  No.  3 
is  connected  to  the  60,000-volt  Bne  through  auto-transformers. 
Substation  No.  1  contains  a  bank  of  transformers  connected 
~Y-deita,  with  the  neutral  grounded  and  the  secondary  on  open 
circuit. 
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HARMONIC  VOLTAGES  AND  CURRENTS  IN  Y-  AND 
DELTA-CONNECTED  TRANSFORMERS 


BY     R.     C.     CLINKER 


Abstract  of  Paper 


The  paper  reviews  the  conditions  under  which  triple  harmonic 
voltages  and  currents  are  produced  in  Y-and  delta-connected 
transformers.  These  voltages  are  produced  by  hysteresis  in  the 
core.  In  a  single-phase  transformer,  increase  of  series  resistance 
tends  to  suppress  the  current  harmonic  and  produce  the  voltage 
harmonic.  In  three-phase  transformers,  a  Y  connection  sup- 
presses the  current  harmonic  and  allows  the  full  flux  and  voltage 
harmonics  to  appear.  Delta  connection  provides  a  closed  path 
for  the  current  harmonic,  and  suppresses  the  triple  voltage. 

A  case  is  cited  where  a  Y-connected  auto-transformer  was  used 
to  step  up  from  6600  to  12,000  volts  at  a  substation.  The  neu- 
tral was  not  grounded,  and  trouble  resulted  due  to  partial  res- 
onance at  triple  frequency  between  line  capacity  and  trans- 
former reactance.  The  paper  shows  that,  although  not  generally 
recognized,  a  triple  component  can  exist  in  the  line-to-line  e.m.i. 
wave  of  a  three-phase  system.  This  is  possible  in  a  case  where 
a  two-to-three-phase  transformation  is  used,  and  when  the  e.m.f . 
wave  of  the  two-phase  generator  contains  a  triple  harmonic. 
Vector  diagrams  and  curves  are  given  illustrating  this  possible 
effect. 


IN  CONSIDERING  the  relative  advantages  and  disad- 
vantages of  Y  and  delta  connections  of  transformer 
windings,  it  is  necessary  to  pay  some  attention  to  the  production 
of  harmonic  voltages  and  currents  occurring  in  such  windings 
due  to  hysteresis  in  the  core.  This  has  been  treated  by  several 
since  the  present  writer  first  drew  attention  to  the  effect/  but 
it  may  not  be  out  of  place  in  the  present  discussion  to  review 
briefly  the  conditions  under  which  such  harmonics  become 
noticeable,  and  to  point  out  a  further  possible  case  which,  so  far 
as  the  writer  is  aware,  has  escaped  notice. 

If  we  take  the  case  of  a  transformer  winding  connected  to  an 
a-c.  source  of  supply,  we  find  that  though  the  e.m.f.  wave  may 
be  sine-shaped,  the  current  wave  necessary  to  produce  the  sine 
flux  wave  contains  harmonics,  notably  a  third  and  a  fifth,  which 
are  produced  by  hysteresis  and  by  the  variation  of  permeability 
of  the  iron.     These  current  harmonics  may  be  regarded  as  in- 

1.  See  the  Electrician  for  10th  November  1905  and  5th  January  1906. 
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duced  in  the  circuit  by  harmonic  flux  variations  arising  in  the 
core.  In  such  a  case,  however,  the  current  harmonics  produced 
"wipe  out  **  almost  completely  the  flux  harmonic,  because  the 
resistance  of  the  circuit  is  usually  low.  Hence  the  value  of  flux 
harmonic  actually  existing  is  only  that  sufficient  to  induce  a 
voltage  in  the  coil  equal  to  iXr,  where  i  is  the  harmonic  current, 
and  r  the  resistance  of  the  winding.  By  increasing  the  resistance, 
however,  the  flux  and  voltage  harmonics  become  very  noticeable, 
and  a  distorted  wave  form  appears  across  the  coil  terminals. 
(Incidentally,  this  has  an  important  bearing  upon  the  use  of 
series  resistance  for  varying  the  voltage  of  an  insulation-testing 
transformer,  which  sometimes  results  in  the  production  of  a 
high  peak  voltage.  One  remedy  is  to  shunt  a  resistance  across 
the  transformer  terminals,  which  allows  of  the  use  of  a  lower 
series  resistance  and  therefor^,  reduced  distortion).  Without 
increasing  the  resistance,  however,  there  is  another  way  by  which 
the  current  harmonic  may  be  suppressed,  viz.,  by  the  use  of  a 
star-connection  of  circuits,  using  the  term  "  star  "  in  its  general 
senses  implying  n  circuits  for  an  »-phase  system.  A  little  con- 
sideration shows  that  the  nth  harmonic  of  e.m.f .  induced  by  the 
iron  is  directed  in  each  circuit  simtdtaneously  towards  or  away 
from  the  neutral  point,  and  that  therefore  no  current  of  this 
frequency  can  flow.  Hence,  with  a  three-phase  Y  connection, 
the  triple  component  of  the  magnetizing  current  is  eliminated, 
and  the  full  triple-frequency  flux  variation  occurs,  producing  a 
distorted  wave  form  of  high  peak  value,  across  each  winding. 
With  a  Y-Y  connection  of  transformers,  particularly  with  single- 
phase  transfoniiers  or  shell  type  three-phase  transformers,  the 
full  flux  variation  occurs.  In  the  case  of  one  set  of  windings, 
either  primary  or  secondary,  being  delta  connected,  the  flux 
variation  is  almost  wholly  suppressed  by  the  circulation  of  the 
triple-frequency  current  in  the  closed  triangle.  From  this  point 
of  view,  therefore,  a  delta  connection  on  cither  primary  or  sec- 
ondary is  desirable,  as  (1)  It  avoids  the  extra  insulation 
stress  due  to  the  higher  peak  voltage,  and  (2)  In  the  case  of  a 
transmission  line  with  grounded  neutral,  it  prevents  triple-fre- 
quency capacity  current  in  the  ground  wire,  which,  in  the  case  of 
long  transmission  and  high  voltage,  may  reach  a  high  value. 
In  core-type  three-phase  transformers,  the  triple-frequency  volt- 
age is  not  marked,  as  the  magnetic  circuit  of  the  flux  harmonic 
is  a  partly  open  one,  the  path  being  up  the  three  limbs  in  parallel 
and  back  through  the  air  or  tank.     Oscillograms  showing  the 
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conditions  obtained  in  various  cases  were  presented  in  an  inter- 
esting paper  by  Mr.  J.  J.  Frank,  before  the  A.  I.  E.  E.  in  May 
1910.  A  case  where  trouble  occurred  which  could  only  be  ascribed 
to  the  above  effects  was  brought  to  the  writer's  notice  some  time 
ago.     The  conditions  were  as  follows  • 

From  the  power  house,  a  five-mile  6600- volt  line  ran  to  a 
substation,  where  the  voltage  was  raised  to  12,000  by  two 
Y-connectcd  auto-transformers  of  600  kv-a.  capacity,  with  in- 
sulated neutrals.  The  12, 000- volt  line  supplied  a  substation 
five  miles  away,  where  step-down  transformers  were  installed. 
Trouble  was  experienced  due  to  the  gap  arresters  on  the  12,000- 
volt  line  continually  sparking  to  ground.  Also  two  breakdowns 
on  terminal  leads  occurred,  and  there  were  other  general  in- 
dications of  high  voltage  to  ground,  although  the  line  to  line  volt- 
age was  correct.  Voltage  readings  between  the  three  lines  and 
the  auto-transformer  neutral,  on  the  12, 000- volt  side,  showed 
that  with  normal  phase  voltage  on  the  transformer  and  the 
12,000-volt  line  disconnected,  the  pressure  between  each  12,000- 
volt  terminal  and  neutral  was  17  per  cent  greater  than  the  phase 
voltage  -5-  v/3.  When  the  12,000-volt  line  was  switched  on,  the 
voltage  to  earth  rose  further  to  33  per  cent  above  the  normal 
value.  Grounding  the  neutral  of  the  auto-transformers  cured  the 
trouble,  and  reduced  the  voltage  between  the  12,000-volt  lines 
and  the  ground  to  normal.  It  should  be  noted  that  the  neutral 
of  the  generators  was  grounded  through  a  low  resistance  at  the 
power  house.  A  ready  explanation  of  these  effects  is  afforded 
when  the  triple- voltage  harmonics  induced  in  the  transformers 
are  taken  into  account.  With  12,000-volt  lines  disconnected, 
there  is  a  17  per  cent  increase  of  voltage  to  ground  due  to  triple 
harmonic.  This  is  aggravated,  however,  when  the  12,000-volt 
line  is  connected,  due  to  partial  resonance,  the  capacity  being  in 
scries  with  the  high  reactance  of  the  auto-transformer  winding. 
In  this  case  the  circuit  is  completed  through  the  grounded  gener- 
ator neutral  and  the  6600- volt  line.  The  effect  of  grounding  is 
to  connect  the  neutrals  of  generator  and  auto- transformer, 
and  allow  the  triple  component  of  current  to  be  supplied,  thus 
eliminating  the  voltage  harmonic. 

It  has  sometimes  been  stated^  that  no  triple  harmonic  can 
exist  in  the  e.m.f.  between  the  lines  of  a  three-phase  system.  It 
appears  to  the  writer,  however,  that,  though  not  often  met  with 

2.  See  Steinmetz,  paper  b2fore  N.  E.  L.  A.,  June  1907,  also  Rhodes, 
Trans.  A.I.E.E.,  1910. 
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in  practise,  such  an  effect  is  quite  possible.  Consider  the  case  of 
a  two-phase  generator  supplying  a  three-phase  line  through 
Scott-connected  transformers,  and  suppose  that  the  generator 
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Ststeu  as  Produced  by  Thrbe-Phase  Generator  or  bv  Y-Con- 
HSCTED  Transformers — Dotted  Triangle  Shows  Line-to- Limb 
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Fig.    8— Wave  Shapes  of  e.  u.  fs.  between  Lines  ot  Three-Phase 
System,  Showing    Triple    Harmonic    Transformed    from    Two- 
Phase  System. 

See  Pigs.  B'15  for  veeloi  dUgr»iin. 

e.m.f,  waves  contain  triple  harmonics.  As  the  main  waves 
differ  by  90  deg.  in  phase,  the  harmonics  in  the  two  phases  will 
differ  3  X  90  deg.  or  270  deg.  in  phase,  i.e.,  they  will  be  in  quad- 
rature.   Hence  we  have  a  two-phase  supply  at  triple  frequency 
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impressed  upon  the  primary,  and  this  is  transformed  to  a  three- 
phase  e.m.f.  at  triple  frequency,  which  appears  between  the  lines 
as  a  superposed  harmonic  on  the  fundamental  three-phase  e.m.f. 
It  is  a  ciuious  fact  that  this  effect  cannot  be  obtained  by  direct 
three-phase  generation,  but,  apparently,  only  by  transformation 
from  a  two-phase  supply.  The  accompanying  diagrams  will 
make  clear  the  difference  between  the  two  cases,  viz.,  (1)  Triple 
harmonic  due  to  three-phase  generator,  or  Y  connection  of  trans- 
formers. Harmonic  appears  only  between  line  and  neutral,  and 
not  between  lines.  Figs.  1  to  7  show  the  vectors  at  progressively 
varying  phases,  during  one-third  of  a  cycle. 

(2)  Triple  harmonic  impressed  on  system  by  two-  to  three- 
phase  transformation.     Harmonic  appears  both  between  lines, 


Figs.  9-15 — Vector  Diagrams  Showing   Triple   Harmonic   Trans- 
formed   INTO    Three-Phase    System    from    Two-Phase    System. 

(See  Fig.  8  for  Wave  Shapes.) 

and  between  each  line  and  neutral.  Fig.  8  shows  the  three-phase 
waves  produced  between  lines,  assuming  particular  values  for 
the  amplitude  and  phase  of  the  triple  harmonic  in  the  two-phase 
e.m.f.  Curves  I  and  II  are  the  assumed  two-phase  waves, 
having  exaggerated  harmonics.  A,  B,  and  C  are  the  resulting 
three-phase  line  voltages.     Note  that  these  waves  are  dissimilar. 

Figs.  9  to  15  give  the  vector  diagrams  corresponding  to  Fig.  8. 
The  dotted  line  ^4,  representing  one  of  the  three-phase  line 
voltages,  also  represents  by  its  projections  on  vertical  and  hori- 
zontal the  two-phase  voltages  I  and  II  respectively. 

The  writer  is  not  aware  of  any  previous  reference  to  this 
possible  effect,  and  it  would  be  interesting  to  hear  if  such  has 
been  observed  on  any  line  employing  two-  to  three-phase  trans- 
formation. 
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Discussion  on  **  Inherent  Voltage  Relations  in  Y  and 
Delta  Connections  "  (Sorensen  and  Newton)  and 
"Harmonic  Voltages  and  Currents  in  Y-  and  Delta-Con- 
nected Transformers,"  (Clinker),  Pittsfield,  Mass., 
May  28,  1914. 

Waldo  V.  Lyon  (by  letter) :  The  interesting  fact  that  Mr. 
Clinker  notes  in  regard  to  the  possibility  of  a  third-harmonic 
voltage  existing  between  the  lines  of  a  three-phase  circuit  was 
observed  by  the  writer  some  time  since,  and  was  used  as  the  basis 
of  one  of  the  problems  in  a  collection*  recently  published  by  him. 
These  third-harmonic  components  in  the  line  voltages  are  equal 
but  differ  in  phase  by  120  degrees  (third-harmonic  scale)  so  that 
the  circuit  should  respond  to  their  influence  in  the  same  way  that 
it  would  if  sinusoidal  voltages  of  three  times  the  fundamental 
frequency  were  impressed  upon  it.  This  might  produce  serious 
results,  especially  in  transmission  lines,  if  the  harmonics  were  of 
sufficient  magnitude.  This  phase  difference  in  the  third  harmonic 
makes  the  residting  three-phase  voltages,  dissin.ilar  as  Mr. 
Clinker  points  out.     Their  effective  values,  however,   are  equal. 

In  a  three-phase  generator  the  voltage,  reduction  factor  for  the 
third  harmonic,  assuming  a  phase  spread  of  one-third  and  a  coil 
pitch  of  one,  is  about  64  per  cent.  On  the  other  hand,  in  a  two- 
phase  generator  this  reduction  factor,  assuming  a  phase  spread 
of  one-half  and  a  coil  pitch  of  one,  is  about  30  per  cent.  The 
corresponding  reduction  factors  for  the  fundamental  in  the  two- 
phase  and  three-phase  generators  are  96  per  cent  and  90  per  cent. 
These  factors  are  for  a  winding  that  is  completely  distributed . 
Thus,  for  the  same  flux  distribution  and  the  same  phase  voltage, 

30  X  96 
the  third  harmonic  component  would  only  be  7:77-77-777,  or  one- 

"         90  X  64 

half  as  great  in  a  two-phase  generator  as  in  a  three-phase  genera- 
tor. 

A.  E.  Kennelly  and  Harold  Pender  (by  letter):  In  connec- 
tion with  Mr.  Clinker's  observation  on  a  rise  of  pressure  of  37 
or  33  per  cent  in  different  cases,  attributable  to  partial  resonance, 
with  triple  harmonic  frequency,  we  may  mention  that  on  an 
artificial  line  at  the  Massachusetts  Institute  of  Technology, 
built  to  represent  a  three-phase  aerial  three-wire  500,000-cir- 
cular-mil  conductor  system  240  miles  long,  a  voltage  rise  of 
20:1  was  observed  experimentally  by  us  at  a  frequency  af  189'^ 
which  is  substantially  a  triple  harmonic  frequency  to  the  stand- 
ard frequency  of  60  '^.  That  is,  when  this  length  of  artificial 
line  was  operated  with  50  volts  at  the  generating  end  and  with 
189'^,  the  voltage  at  the  distant  free  end  reached  1000  volts, 
and  this  result  checks  very  well  with  the  theoretically  deduced 
value. 

•"Problems  in  Alternating  Current  Machinery,"  Problem  10,  p.  127. 
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The  application  of  the  above-mentioned  result  to  voltage 
regulation  on  a  fairly  long  transmission  line  will  be  evident  in  the 
case  of  a  voltage  containing  a  high  harmonic  to  which  the  line 
may  happen  to  be  a  quarter  wave  length.  For  example,  a  line 
240  miles  long  woidd  be  roughly  quarter  wave  length  to  a  third 
harmonic  in  a  60-cycle  generator  voltage  wave.  A  five  per  cent 
harmonic  at  the  generator  woidd  produce  a  20  X  5  equals  100 
per  cent  third  harmonic  at  the  receiving  end  at  no  load  and  so 
might  produce,  in  combination  with  the  fundamental,  a  peak 
voltage  of  twice  the  peak  voltage  at  the  generator. 

F.  W.  Peek,  Jr.:  I  was  much  interested,  in  reading  these 
papers,  to  see  the  number  of  times  the  **  third  harmonic " 
was  referred  to  or  discussed.  There  are  a  great  many  phenomena 
existing  in  engineering  which  are  not  generally  observed  imtil 
something  happens  to  make  them  annoying  in  practical  work. 

In  certain  transformer  connections  the  third  harmonic,  inher- 
ently in  the  magnetizing  current  with  applied  sine  wave  voltage, 
is  the  cause  of  abnormal  stress  to  ground.  This  is  especially  so 
with  long  lines  of  high  capacity. 

If  Y-connected  auto- transformers,  with  their  neutral  grounded 
as  the  only  ground,  are  used  to  step  up  the  generator  voltage, 
.abnormal  potentials  to  ground  may  residt.  These  excess  voltages 
are  not  indicated  by  a  voltmeter,  but  by  *'  static  '*  on  leads,  excessive 
losses,  or  by  a  spark  gap  connected  between  one  line  and  ground. 
The  reason  that  a  voltmeter  does  not  indicate  this  high  voltage 
is  that  the  effective  value  of  the  voltage  is  not  greatly  changed, 
but  only  the  maximum  value  of  the  wave  is  increased,  and  this  is 
indicated  by  a  spark  gap,  or  stress  between  the  insulation  and 
ground.     The  cause  of  the  voltage  distortion  is  as  follows : 

When  a  sine  wave  e.m.f.  is  applied  to  a  transformer,  the  re- 
sulting magnetizing  current  wave  cannot  be  a  sine  wave  but  must 
follow  the  changing  permeability  of  the  iron, — this  current  wave 
contains  the  third  harmonic.  The  current  and  voltage  waves 
can  never  be  the  same,  but,  if  the  magnetizing  current 
wave  is  a  sine  wave,  the  voltage  wave  must  then  contain 
a  third  harmonic,  or  vice  versa.  Hence,  if  anything  prevents  or 
suppresses  the  third  harmonic  in  the  magnetizing  current  the 
applied  sine  wave  of  voltage  must  then  become  distorted. 

In  a  three-phase  transformer  the  currents  are  120  deg.  apart 
for  the  fundamental  frequency,  or  3  X  120  or  360  deg.  apart  for 
the  third  harmonic;  that  is,  in  phase.  Thus  for  Y-connected 
auto-transformers  the  triple-frequency  magnetizing  currents  to 
neutral  must  be  in  phase.  The  sum  of  the  three  currents  flowing 
to  a  point  must  be  zero.  Hence,  as  the  third  harmonic  mag- 
netizing currents  are  all  in  phase,  they  must  all  be  zero  to  satisfy 
these  conditions;  that  is,  they  must  be  suppressed.  This  means 
that  the  current  wave  approaches-  a  sine  and  that  therefore  the 
voltage  to  neutral  cannot  be  a  sine  wave  but  must  be 
peaked,  or  contain  the  third  harmonic,  which  appears  as  voltage 
rise  to  neutral  and  causes  extra  iron  and  insulation  loss.  The 
distortion  does  not  appear  in  the  voltage  between  lines  because 
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the  distortion  between  one  line  and  neutral  is  cancelled  by  that  of 
the  other  two  lines.  The  volume  distortion  may  be  eliminated 
by  supplying  a  path  for  the  triple-frequency  exciting  current; 
that  is,  in  this  case,  by  connecting  the  transformer  neutral  to  the 
generator  neutral.  This  supplies  a  single-phase  circuit  for  the 
triple  frequency  through  the  line  and  generator.  A  current  of 
the  proper  phase  relation  flows  and  the  distortion  disappears. 

If,  before  this  connection  is  made  to  the  generator,  the  trans- 
former  is  connected  to  a  transmission  line,  a  path  is  supplied  for 
triple-frequency  current  through  the  capacity  from  line  to  ground. 
Tins  capacity  offers  three  single-phase  circuits.  A  triple-fre- 
quency current  thus  flows  but  it  has  not  the  proper  phase  rela- 
tion for  the  triple-frequency  excitation  current,  and  instead  of 
eliminating  the  voltage  distortion  it  greatly  increases  it.  A 
double  peak  may  occur  in  the  ftmdamental  voltage  wave  which 
causes  an  increased  iron  loss.  This  distortion,  however,  also 
generally  disappears  when  the  auto-transformer  neutral  is  con- 
nected to  the  generator  neutral.  Without  this  inter-connection 
the  distortion  is  greater  in  the  case  where  the  transformer  is 
connected  to  a  capacity.  '  The  peak  of  the  wave  may  be  several 
times  normal.  The  effect  of  capacity  is  well  brought  out  by  Mr. 
Blume.  There  are  other  ways  of  supplying  this  third-harmonic 
current;  for  instance,  by  a  closed  delta  in  the  transformer. 

If  a  grounded-Y  auto-transformer  is  used  to  step  up  the  volt- 
age of  a  generator  with  non-grounded  neutral,  and  at  the  far 
end  of  the  line  is  a  transformer  with  groimded  Y  on  the 
line  side  and  delta  on  the  low  side,  triple-frequency  current  is 
supplied  from  this  transformer  to  the  auto-transformer  through 
the  groimd  by  the  three  single-phase  paths.  These  ground 
currents  may  cause  telephone  troubles;  if  the  transformer  at  the 
far  end  is  small  compared  to  the  auto-transformer,  the  triple- 
frequency  exciting  current  may  overload  it  and  cause  it  to  bum 
out. 

The  third  harmonic  is  thus  a  **  constant  current  "  effect,  that 
is,  the  voltage  drops  when  triple-frequency  current  with  the 
proper  phase  relation  flaws  through  a  low-resistance  path.  If 
the  circuit  has  high  resistance  the  voltage  becomes  high. 

There  may  also  be  a  third  harmonic  in  the  generator  wave, 
due  to  the  relation  of  the  windings,  which  has  a  "  constant 
voltage  "  effect  and  which  may  produce  ver\'  heavy  triple-fre- 
quency currents  with  improper  connection,  or  when  a  short  cir- 
cuit path  is  afforded  for  these  currents.  Precautions  are  thus 
necessar\^  where  several  generators  are  connected  in  parallel  and  the 
neutrals  grounded.  If  all  of  the  generators  are  of  identical  design, 
very  large  triple-frequency  excitation  currents  may  flow  unless 
the  field  excitation  is  the  same  on  all  of  the  generators.  If  the 
generators  are  not  of  identical  design,  dangerously  large  triple- 
frequency  currents  may  result.  When  a  number  of  generators 
are  operated  in  parallel  and  the  voltage  is  stepped  up  by  auto- 
transformers,  it  is  often  practicable  to  ground  oiJy  one  generator 
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at  a  time  and  to  connect  to  this  ground  all  of  the  transformer 
neutrals. 

Whenever  auto-transformers  are  used  it  is  necessary  to  investi- 
gate the  possibilities  of  trouble  for  the  particular  case  imder 
consideration.     Their  use  is  generally  not  to  be  recommended. 

There  are  other  transformer  connections  which  may  cause 
high  triple-frequency  voltages,  as  an  instance,  Y-Y. 

Louis  F.  Blume:  In  connection  with  Mr.  Clinker's  paper, 
I  wish  to  point  out  that  the  Scott-connected  transformer  should 
not  be  held  responsible  for  the  third  harmonic  which  appears 
in  the  three-phase  system.  If  the  Scott-connected  transformer 
had  been  omitted,  and  the  generator  connected  in  "  T  ",  the 
third  harmonic  would  have  appeared  in  the  line  just  as  described. 

F.  C.  Green:  Reference  is  made  in  the  paper  by  Messrs. 
Sorensen  and  Newton  to  some  experiences  that  were  had  in  a 
western  system.  I  happened  to  be  connected  with  the  installa- 
tion of  that  system,  and  made  some  tests  on  triple-frequency 
effects  related  by  the  authors  in  their  paper. 

For  the  tests,  the  bank  of  compensators  was  excited  at  60,000 
volts  and  stepped  this  voltage  down  to  50,000  volts.  The  neu- 
tral was  not  grounded  except  for  the  slight  grounding  effect  that 
resulted  when  measuring  potential  between  neutral  and  ground 
by  means  of  a  potential  transformer.  Tests  were  made  with  the 
auto-transformers  open  on  the  50,000- volt  side  and  also  with  them 
feeding  into  the  50,000- volt  system,  there  being  practically  no 
difference  in  the  measured  values  for  the  different  conditions. 
With  60,000  volts  impressed,  the  voltage  between  neutral  and 
60,000- volt  terminals  was  42,000  volts;  between  neutral  and 
groimd,  18,600  volts;  between  60,000-volt  terminals  and  ground 
36,600  volts.  All  measiu'ements  were  made  with  potential  trans- 
former. No  tests  were  made  under  the  condition  that  had  caused 
trouble,  namely,  with  only  the  auto-transformer  neutral  groimded 
in  the  50,000- volt  system ;  the  reason  being  fear  of  damage  to  the 
line. 

Under  the  system  of  connections  that  was  planned  to  be  used 
there,  the  grounding  of  the  neutral  would  not  have  caused  any 
excessive  voltages.  On  occasions  of  line  disturbances,  it  some- 
times happened  that  all  other  grounded  neutrals  in  the  system 
were  disconnected,  leaving  only  the  auto-transformers'  neutrals 
grounded. 

Mr.  Clinker  mentions  in  his  paper  an  instance  where  trouble 
due  to  triple-frequency  effect  was  relieved  by  groimding  the  auto- 
transformer  neutral.  In  the  system  discussed  above,  it  was  neces- 
sary to  imgroimd  the  neutral  to  prevent  damage.  The  theory 
for  this  case  is  given  in  Mr.  Blume 's  paper. 

Triple-frequency  effects  have  been  well  covered  and  there  is 
now  no  reason  for  experiencing  any  more  trouble  from  them. 
Until  some  new  phenomena  develop  in  operation,  due  to  their 
existence,  it  seems  that  efforts  should  be  directed  to  the  solution 
of  other  and  more  vital  featiu*es  of  the  subject  under  discussion. 
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C.  L.  Forteseoe:  In  coimection  with  Mr.  Clinker's  paper, 
if  I  am  not  mistaken,  in  previcnis  discussions  on  a  paper  by  Mr. 
Prank  this  peculiarity  of  the  Scott  connection  has  been  pointed 
out.  The  third  harmonics  which  exist  in  the  two-phase  genera- 
tor are  transformed,  so  that  they  appear  in  the  three-phase 
circuit  in  three-phase  relation  after  transformation.  This  will 
be  fotmd  to  be  true  also  in  any  transformation  or  any  generation, 
whether  produced  in  a  generator  or  transformed  in  a  trans- 
former in  which  there  is  diss>Tnmetr>-  in  the  phases.  The  triple 
harmonic  effects  present  will  appear  in  three-phase  relation, 
causing  differences  in  the  wave  forms  of  the  voltages  between  the 
mains  as  a  result  of  diss>'nmietr\'  in  the  n^-indings  of  the  trans- 
formers or  in  phases  of  the  generator. 

P.  M.  Lincoln:  This  obser\'ation  brought  out  in  Mr.  Clinker's 
paper  is  of  interest  to  me,  because  in  studxing  the  wave  forms  of 
the  Niagara  Falls  generator,  which  was  installed  about  nineteen 
years  ago,  I  observed  the  same  thing.  The  Niagara  generators 
had  slightly  flat-topped  waves,  siimlar  to  those  Mr.  Clinker 
has  shown.  If  you  take  a  two-phase  generator,  such  as  we  had 
at  Niagara,  and  get  three  phases  from  it  by  the  Scott  connection. 
you  will  have  one  of  the  phases  going  through  the  transformation 
with  the  wave  form  unchanged,  the  same  on  the  three-phase  as 
on  the  two-phase  side.  That  will  be  what  we  may  call  the  main 
phase.  Of  the  other  two,  one  of  them  will  be  a  peaked  wave 
and  the  deformation  will  be  to  one  side  of  the  neutral  axis,  say 
on  the  right-hand  side.  You  will  find  the  other  phase  will  be 
exactly  similar,  except  that  the  peak  wiU  be  formed  on  the  lefl- 
hand  side.  If  you  start  with  a  peak  wave,  you  ^-ill  find  when 
you  get  through  to  the  three-phase  side,  you  w-ill  have  one  peak 
wave  and  two  flat -top  waves,  distorted,  one  to  the  right  and  the 
other  to  the  left.  It  is  not  a  new  obser\'ation,  by  any  means,  and 
has  been  known  for  a  great  many  years. 

J.  M.  Weed :  I  ^^sh  only  to  raise  a  point  of  theoretical  interest 
in  connection  with  Mr.  Clinker's  paper.  Mr.  Clinker  has  attri- 
buted the  third -harmonic  component  in  exciting  currents  to  the 
effect  of  hysteresis.  To  see  that  this  is  not  correct,  it  is  only 
necessar\'  to  consider  that  hysteresis  constitutes  an  energy  loss 
in  the  iron,  and  that  with  a  sinusoidal  voltage  applied .  energy 
can  be  supplied  only  by  current  of  the  same  frequency  as  the 
voltage,  i,e.y  by  a  fundamental  component  of  the  exciting  current. 
The  triple  harmonic  and  all  higher  harmonic  components  of  the 
exciting  current  are  not  due  to  hysteresis,  but  to  the  permea- 
bility characteristics  of  the  iron;  i.e.,  to  variations  in  permea- 
bility with  changes  in  the  magnetic  density. 

D.  C.  Jackson:  As  Dr.  Kennelly  referred  to  the  artificial 
line  at  the  Massachusetts  Institute  of  Technology,  it  will  be 
interesting  to  add  that  it  is  a  line  made  up  of  Xo.  12  B.  &  S. 
gage  wire  that  has  resistance,  self-inductance  and  capacity  which 
causes  it  to  represent  substantially  750  miles  of  length  of  line, 
500,000-circular-mil  conductor,  spaced  at  8  feet,  center  to  center. 
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That  is  about  the  line  which  would  be  used  for  the  transmission 
of  power  from  the  Falls  of  the  Nile  to  South  Africa. 

The  one-third  length  which  Dr.  Kennelly  used  in  his  experi- 
ments was  a  part  of  that  line.  The  reason  for  the  line  being  built 
of  the  No.  12  B.  &  S.  gage  wire  was  to  make  it  practicable  to  use 
ordinary  portable  ampere-meters,  voltmeters,  or  wattmeters  in 
connection  with  it,  without  interfering  seriously  with  its  normal 
performance.  As  far  as  tests  have  gone,  that  seems  to  be  what 
can  be  done,  and  makes  it  very  convenient.  One  can  find  out 
the  operating  characteristics  of  the  line  by  using  portable  ampere- 
meters, voltmeters  or  wattmeters,  in  the  ordinary  fashion,  appar- 
ently, and  do  it  in  relatively  little  time.  I  think,  in  the  case  of 
the  Schenectady  line,  it  is  necessary  to  have  special  instruments 
to  be  used  with  the  experimental  line,  it  being  of  small  wire  of 
relatively  high  resistance. 

This  line  at  the  Massachusetts  Institute  of  Technology  when 
operated  at  60  cycles,  open  circuit,  pure  sine  wave,  gives  a  rise  of 
voltage  of  about  9  to  1  in  the  full  length,  that  is,  120  volts  im- 
pressed at  the  generator  end  gives  something  over  1000  volts 
at  the  receiver  end,  open  circuit.  Of  coiu-se,  a  very  small  load 
on  the  line  changes  that  promptly,  as  the  formula  shows. 

The  line  responds  closely  to  what  the  formula  indicates, 
although  it  is  what  is  called  a  Itunpy  line. 


PresenUd  at  tht  296IA  Muting  of  tht  Anuri" 
can  Institute  of  EUarical  Enginttrs,  PittsfitU, 
Mass.,  May  29.   1914. 
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INFLUENCE  OF  TRANSFORMER  CONNECTIONS  ON 

OPERATION 


BY  LOUIS  F.  BLUME 

Abstract  of  Paper 

In  this  paper  the  relative  advantages  and  disadvantages  in 
operation  of  the  more  important  three-phase  transformer 
connections  are  discussed.  Three  conditions  of  operation  are 
given:  First,  normal;  second,  operation  of  a  bank  with  one  phase 
disabled;  third,  effect  of  line  grounds  on  operation. 

The  paper  is  not  complete,  particularly  in  that  high-frequency 
or  switching  phenomena  are  not  discussed.  Its  major  purpose 
is  to  give  a  fairly  adequate  presentation  of  insulation  stresses  at 
relatively  low  frequencies  to  which  transformers  are  subject  in 
either  normal  or  abnormal  conditions  of  operation.  These  fre- 
quencies include  the  fundamental  or  generated  frequency  and  its 
harmonics  and  the  natural  frequency  of  the  system. 

The  behavior  of  three-phase  auto-transformers  under  the 
various  conditions  of  operation  given  above  is  also  analyzed. 


TRANSFORMERS  for  use  on  three-phase  systems  are  in  the 
majority  of  cases  connected  either  delta-delta  or  delta-Y,  these 
two  being  almost  universally  considered  superior  to  the  few 
other  connections  which  may  be  used  for  three-phase  trans- 
mission. Opinions  differ,  however,  as  to  their  relative  merits, 
and  the  purpose  of  this  discussion  is  to  analyze  some  of  the 
factors  involved. 

Operation  in  Case  of  the  Disabling  of  One  Phase,  In  the  delta- 
delta  connection,  operation  can  be  continued  by  running  open 
delta  after  removing  the  disabled  phase,  under  which  condition 
the  bank  can  handle  58  per  cent  of  its  original  capacity.  When, 
however,  there  are  two  or  more  delta-delta  banks  operating  in 
parallel,  the  advantage  of  open  delta  operation  of  one  bank 
becomes  less,  on  account  of  the  fact  that  a  mutual  relation  ex- 
ists between  the  loads  in  the  two  banks.  For  example,  if  one 
phase  of  one  bank  is  removed,  instead  of  being  able  to  operate 
the  good  bank  at  100  per  cent  capacity  and  the  open  delta  bank 
at  58  per  cent  capacity,  making  a  total  of  158  per  cent  (assum- 
ing all  transformers  alike  and  that  200  per  cent  was  the  original 
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total  cafiocity  of  the  two  banks;  it  win  onlr  be  possible  to  derive 
from  the  fi^/e  transformers  133  per  cent  capacity.^  When  two 
deita-ddta  banks  are  operated  in  parallri  with  one  open  deha 
bank,  a  total  capacity  of  233  per  cent  mXfw\  of  238  per  cent  is 
obCainabie.  Thus  it  is  evident  that  with  increasing  nmnbers 
of  deha-drita  banks  connected  in  parallel,  the  advantage  of 
beis^  able  to  operate  any  one  of  them  in  open  ddta  decreases. 
This,  however,  is  not  a  seriocis  objection,  because,  by  placing 
the  proper  amount  of  reactance  in  series  with  the  weakened 
phase,  its  available  capacity  can  be  considerably  increased. 

Open  deha  operation  of  a  three-phase  core  tN-pe  transformer 
is,  in  the  majority  of  practical  cases,  not  possible,  on  account 
of  the  interlinked  magnetic  structure. 

In  deha-Y  connections,  the  disabHng  of  one  phase  renders 
the  fiiiole  bank  inoperative,  except  in  the  case  when  it  is  possible 
to  change  the  voltage  of  the  line  connected  to  the  Y  side  oi  the 
transformers.  This  is  feasible  if  a  line  transmits  power  from  one 
bank  of  delta-Y  transformers  at  one  end  to  another  bank  of  Y- 
deha  transformers  at  the  other  end.  and  operation  can  be  contin- 
ued in  case  of  the  disability  of  one  phase  by  changing  the  Y  con- 
nection to  open  delta  in  both  step-up  and  step-down  transformers, 
thus  reducing  the  transmission  line  voltage  to  58  per  cent  of 
its  original  value.  Under  this  condition  the  capacity  of  the 
transmission  line  and  transformers  is  reduced  to  58  per  cent  of 
the  original  value,  which  is  equal  to  the  capacity  obtained  in 
the  case  of  operating  one  delta-delta  transformer  bank  in  open 
delta.  When,  however,  two  or  more  Y-delta  banks  are  operated 
in  parallel,  the  disability  of  one  phase  renders  the  whole  of  one 
bank  inoperative. 

The  Effect  of  Differences  in  Characteristics  of  the  Transformers 
Makinf^  up  a  Transformer  Bank.  When  transformers  of  slightly 
different  ratios  are  connected  in  delta-delta,  large  circulating 
ciurents  wll  result  in  the  delta  circuits,  depending  upxm  the 
amount  of  off  ratio  and  the  impedance  of  the  transformers; 
and  when  tran.sformers  haWng  different  impedances  are  con- 
nected for  delta-delta  operation,  the  dix-ision  of  load  between 
them  ^"ill  be  very  unequal.  In  general,  a  delta-delta  connec- 
tion is  ver\'  sensitive  to  variations  in  impedances  and  ratios. 
A  Y-delta  bank  of  transformers  is  far  less  sensitive  to  such 
variations,  and  in  fact  transformers  having  considerable  differ- 

1.  See  article  entitled  *'  Delta- Delta  Transformer  Banks  in  Multiple," 
by  W.  W.  Lewis,  General  Electric  Review,  January,  1912,  page  47. 
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ences  in  ratio  and  impedances  can  be  used  to  make  up  a  Y- 
delta  bank  without  appreciably  affecting  the  current  or  voltage 
division  of  the  phases.  From  this  it  is  evident  that,  in  cases 
where  a  three-phase  bank  is  to  be  made  up  of  dissimilar  units 
of  equal  kilovolt-ampere  capacity,  more  satisfactory  operation 
can  be  obtained  by  connecting  delta-Y  than  delta-delta.  On 
the  other  hand,  if  the  kilovolt-ampere  capacities  of  the  units 
are  different,  the  delta-delta  connection  will  probably  result 
in  a  greater  combined  capacity  than  Y-delta,  because  in  the  delta- 
delta  banks  the  currents  will  divide  to  a  certain  extent,  at  least  in 
proportion  to  the  kilovolt-ampere  capacity  of  the  units,  whereas 
in  the  Y-delta  connection  the  currents  in  all  three  phases  are  equal. 

Insulation  Stresses 

The  potential  stresses  on  the  insulation  at  fundamental 
frequency  are  worthy  of  consideration  and  become  particularly 
important  in  high-voltage  transformers.  Under  normal  con- 
ditions of  operation,  that  is,  when  the  connected  line  is  free  from 
grounds,  the  maximiun  value  of  these  stresses  is  equal  to  58  per 
cent  of  line  potential.  In  the  delta  connection  the  minimum 
value  of  the  insulation  stress  is  equal  to  29  per  cent  and  occurs 
at  the  middle  point  of  the  winding,  whereas  in  the  Y  connection 
the  stress  is  zero  at  the  neutral  end  of  the  winding,  and  increases 
uniformly  to  its  maximum  value  of  58  per  cent  at  the  line  end. 
These  stresses  are  tabulated  below  for  convenience  in  comparison, 
together  with  corresponding  insulation  safety  factors,  the  latter 
being  based  on  the  assumption  that  the  windings  are  insulated 
to  withstand  a  test  equal  to  twice  normal  voltage. 


TABLE  I 

Insulation    Stresses   from    High-Voltage   Winding   to   Ground,   in   Thrbb-Phasb 
Connections,  at  Fundamental  Frequency,  under  Normal  Operating  Conditions. 


Stresses  in  per  cent   of  line  voltage 


delta 
Y 


maximum 
57.7 
57.7 


minimum 
28.8 
0 


average 
43.2 
28.8 


Safety  Factor 

maximum 
7 
infinity 

minimum 
3.46 
3.46 

average 
4.64 

7 

When  one  terminal  of  the  transformer  is  grounded,  these 
Stresses  are  all  materially  increased.-  Their  values  at  various 
portions  of  the  winding  are  shown  in  Fig.  1.  Here  high-poten- 
tial stresses  in  the  insulation  from  winding  to  core  in  per  cent 
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of  the  normal  line  voltage  for  every  portion  of  the  high-voltage 
winding  are  plotted  as  ordinates.  The  ctirve  shows  that  the 
stress  in  the  insulation  of  delta  winding  is  practically  equal  to 
line  voltage  at  all  points  of  the  winding,  the  voltage  at  the 
middle  point,  however,  being  reduced  to  87  per  cent  of  this 
value.  On  the  other  hand,  in 
the  Y  connection  the  stress 
in  the  winding  is  graded,  being 
a  minimum  at  the  neutral  and 
a  maximum  at  the  line  end 
Three  cases  are  given:  Curvt 
a  shows  the  condition  whcr 
the  neutral  is  not  grounded 
ciirve  b  shows  the  conditior 
when  the  neutral  is  grounded 
and  when  the  hne  is  capable 
of  maintaining  normal  voltage 
notwithstanding  the  short  cir- 
cuit produced  by  a  ground  or 
the  hne;  and  curve  c  show; 
the  stresses  in  delta-Y  trans- 
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Pbasb  Connections 


formers  excited  on  the  delta  side  and  operating  with  a  grounded 
neutral.  A  partictilarly  large  reduction  of  stress  is  obtained  ir 
the  latter  case,  the  maximum  never  exceeding  58  per  cent  of  lini 
potential.  These  stresses,  together  with  their  correspondinj 
safety  factors,  are  given  in  Table  II. 

TABLE  II 

INEVI.AIIOH     SIHSSIS    FRUH     HlCM-VoLI*C»     WlHDlHli     TO     G»Ol;H0.     IH     TubbI-Phas. 
COMHICIIOHl.     AT     PUHDAHKHTAL     PlIQUEHCV,     WITH     Ohi     TsuMIHAI.     GkoundBD. 


1 

— ■• 

Safety  factor 

minimum 

muimum 

•LVtTttt 

maximum 

minimum 

^^„^ 

dilta 

8«  (1 

100, 

03  3 

57.7 

100. 

78.8 

3.« 

2 

Y(b) 

V{<:) 

7.7 

288 

3.49 

7 

Although  the  above  stresses  are  relatively  small  and  ontha 
account  probably  never  immediate  causes  of  breakdown,  never 
theless  it  should  be  borne  in  mind  that  stresses  of  higher  fre 
quency  are  superimposed  upon  these.  It  therefore  follows  tha 
with  the  transformer  connection  possessing  the  smallest  averag 
insulation  stress  at  fundamental  frequency,  or  conversely,  tha 
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connection  which  possesses  the  maximum  insulation  safety 
factor  (when  fundamental  stresses  only  are  considered) ,  a  greater 
margin  is  available  for  withstanding  stresses  at  higher  frequencies. 
These  margins,  which  are  obtained  by  subtracting  the  insulation 
stresses  given  in  Tables  I  and  II  from  the  transformer  test  volt- 
age (200  per  cent  of  normal  voltage),  are  given  in  Tables  III 
and  IV. 

Table  III 
Insulation   Margins  for  Normal  Operations,  in  per  cent  of  Line  Voltage. 


delta 
Y 


maximum 
171  per  cent 
200 


minimum 
142.3  percent 
142.3 


TABLE  IV 
Insulation  Margins  with  One  Terminal  Grounded,  in  per  cent  of  Line  Voltage. 


I               1 

1 

maximum 

minimum 

delta 

113  percent 

100  per  cent 

Y  (a)        1 

142 

100 

Y(b) 

200 

100 

Y(c) 

! 

200 

142 

These  tables,  however,  only  roughly  indicate  that  the  Y  con- 
nections, particularly  in  the  case  represented  by  curve  c  of  Fig.  1, 
are  capable  of  withstanding  greater  stresses  at  higher  frequencies 
than  the  delta  connection ;  it  would  be  a  true  indication  provided 
the  insulation  is  only  capable  of  withstanding  twice  the  line  volt- 
age. The  table  should  therefore  have  been  worked  out  in  terms 
of  the  actual  strength  of  the  insulation  instead  of  the  test  volt- 
age for  which  it  was  designed. 

Line  Grounds  on  Isolated  Systems.  In  an  isolated  system,  when 
a  solid  ground  occurs  on  the  line,  the  grounded  wire  is  reduced 
to  zero  potential  and  the  potentials  of  the  other  lines  are  raised 
to  line  potential  above  ground.  If  a  ground  occurs  on  the  line, 
a  considerable  distance  from  the  transformers,  the  charging 
current  flowing  through  the  reactance  of  the  line  will  cause  the 
potential  of  the  grounded  line  at  the  transformer  to  be  somewhat 
above  zero,  and  since  the  induced  voltage  of  the  transformer  will 
also  be  somewhat  greater  than  its  normal  value  on  account  of  the 
reactance  drop  caused  by  the  charging  current  (particularly 
when  the  transformer  possesses  high  inherent  reactance) ,  the  free 
line  is  raised  to  a  fair  percentage  above  its  normal  potential 
above  ground.     This  effect  is  also  somewhat  larger  than  one 
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would  Qrdniarily  assume,  on  account  of  the  fact  that  the  electro 
static  capacity  of  a  transmission  line  ha\4ng  one  of  its  line 
sdidly  grounded  is  in  the  majority  of  cases  considerably  greate 
than  when  the  lines  are  thoroughly  insulated.  However,  non 
of  these  effects  is  very  large,  and  in  general  the  result  of  a  deai 


Fic.  2 


grotmd  on  an  isolated  system  is  to  bring  the  other  two  wires  to  ; 
potential  somewhat  greater  than  normal  above  grotmd.  The  in 
stdation  safety  factor  has  thereby  been  reduced  to  a  value  slightl; 
less  than  two,  and  it  is  e\4dent  that  the  values  of  instdatioi 
stresses  and  safety  factors  given  in  Tables  I  and  II  and  the  ciu^e 
in  Fig.  1,  are  not  quite  correct  when  transformers  are  connecter 


Fig.  3 


to  transmission  lines  of  considerable  electrostatic  capacity.  J 
is  possible  to  operate  an  isolated  system  with  one  of  its  lin< 
solidly  grounded  without  serious  risk,  and  there  have  been  cas< 
of  high-voltage,  long-distance  transmission  lines  operating  i 
this  manner  for  several  hours  with  a  solidly  grounded  or  even 
broken  line. 
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But  when  the  ground  occurring  on  the  line  is  not  a  dead  ground, 
an  arc  results  between  line  and  ground  which,  on  account  of  the 
fact  that  it  is  in  series  with  the  electrostatic  capacity  of  the  trans- 
mission line  (see  Fig.  2),  generally  results  in  an  unstable  arc  or  an 
arcing  ground. 

General  experience  with  arcing  grounds  on  isolated  systems 
has  shown  that  they  are  usually  accompanied  by  large  rises  in 
potential  of  transmission  line  and  connected  transformers.  This 
rise  in  potential  is  shown  diagrammatically  in  Fig.  3. 

Such  conclusions  are  corroborated  also  by  the  results  obtained 
in  the  experiments  made  by  Dr.  E.  J.  Berg,  and  reported  in  an 
Institute  paper*  in  June,  1908,  entitled  Tests  with  Arcing  Grounds 
and  Connections.. 

Grouftds  on  a  System  Having  Neutral  Grounded.  A  ground  on 
a    system    having    a    neutral    grounded,  results    in    a    short 


Fig.  4 


circuit,  and  a  dynamic  current  flows,  the  value  of  which  de- 
pends upon  the  combined  impedance  of  the  circuit  through 
ground  and  impedance  of  the  transmission  line  and 
connected  apparatus  through  which  the  short  circuit  flows. 
(See  Fig.  4).  This  results  in  an  impedance  drop  throughout  the 
circuit  and  a  consequent  lowering  of  the  voltage.  The  resultant 
arc  is  in  series  with  the  reactance  of  the  transmission  line,  and 
since  reactance  tends  to  stabilize  an  arc,  the  likelihood  of  an 
arcing  ground  resulting  is  therefore  much  more  remote  than  in 
the  case  of  the  isolated  system. 

In  general,  with  the  grounded  Y  system,  resonance  on  account 
of  the  electrostatic  capacity  of  the  line  is  not  likely,  since  the  line 
capacity  is  not  in  series  with  line  grounds.  >^  There  is  one  particu- 
lar case,  however,  when  resonance  may  be  produced.  For  ex- 
ample, in  a  delta-Y   system   with  grounded  neutral,  suppose 

2.  Transactions  A.  I.  £.  £..  1908,  XXVII,  Part  I.  page  741. 
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one  phase  on  the  delta  side  is  burned  open,  resulting  in  open  d 
excitation.  The  high-voltage  side  of  the  bumed-out  phase  1 
constitutes  a  reactance  in  series  with  electrostatic  capacity  of 
transmission  line  and  excited  by  the  voltages  from  the  other 
phases.  If  the  charging  current  of  the  transmission  line  is  e 
to  the  magnetizing  current  of  the  transformer,  resonance  if 
tablished  at  fundamental  frequency.  However,  the  increas 
voltage  is  limited  by  the  saturation  of  the  transformer;  foi 
ample,  assuming  that  the  normal  flux  density  of  the  transfoi 
is  80,000  lines  per  sq.  in.  ^6.452  sq.  cm.;,  it  follows  that  more  1 
a  50  per  cent  increase  in  voltage  can  hardly  be  expected, 
resulting  stresses  on  the  insulation  are  therefore  less  than  t] 
reached  in  isolated  systems  when  grounds  occur  on  the  line. 
If  the  voltage  impressed  on  the  low- voltage  side  contai 
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prominent  fifth  harmonic,  there  is  a  probability  of  est ablisl 
resonance  at  five  times  normal  frequency,  and  dangerous  ^ 
ages  built  up  thereby.  However,  the  likelihood  of  obtai 
resonant  conditions  at  five  times  normal  frequency  is  not 
great,  and  moreover  the  fifth  harmonic  in  impressed  volta; 
generally  small.  Also  the  importance  of  this  consideratic 
small  on  account  of  the  fact  that  it  can  only  take  place  v 
one  delta  bank  is  connected  to  the  transmission  Une  and  wher 
pha.se  of  the  low-voltage  delta  becomes  open-circuited. 

The  effect,  upon  the  distribution  of  the  voltage,  of  a  line  grc 
on  a  grounded  Y  system,  is  shown  diagrammatically  in  Fi; 
The  jX)rtion  con.sumed  by  line  resistance  and  reactance  bi 
the  potential  of  P  to  some  point  A' '  and  the  potential  O) 
consumed  in  overcoming  the  resistance  of  the  current  path  f 
the  line  ground  P  to  neutral  O. 
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The  worst  short  circuit  occurs  when  a  dead  ground  happens 
on  the  line  near  transformer  A,  which  causes  a  collapse  of  the 
short-circuited  phase  throughout  the  system,  and  a  short-cir- 
cuit current  only  limited  by  transformer  reactance. 

Resistance  in  Neutral.  To  reduce  the  value  of  this  short-circuit 
current,  resistances  are  often  inserted  between  the  neutral  point 
and  ground. 

A  resistance  inserted  in  the  neutral  causes  the  neutral  o  to 
shift  with  respect  to  ground  when  a  ground  occurs  on  the  line,  or 
relatively  speaking,  the  ground  will  shift  along  the  line  0X\ 
If  resistance  of  ground  is  small  compared  to  resistance  at  neutral 
the  ground  potential  in  Fig.  5  is  A"'.  A  dead  ground  on  the  line 
near  the  transformers  causes  the  neutral  to  shift  a  value  equal  to 

— ;— ; — ,   where  r  equals    resistance    of    neutral    and    x  equals 
r+jx 

reactance  of  transformer.  It  is  e\'ident  that  an  increase  in 
potential  stress  on  the  remaining  phases  results. 

Assume  a  transformer  ^^'ith  six  per  cent  reactance,  and  resis- 
tance of  neutral  which  will  limit  the  current  resulting  from  a  dead 
ground  to  three  times  normal,  that  is,  the  resivStances  and  react- 
ances together  are  equivalent  to  an  impedance  of  33  per  cent. 
The  reactance  of  neutral  must,  therefore,  be  V(33)'-  (6)*  =  32.5 
per  cent,  and  the  neutral  shift  will  be  equal  to  3  X  32.5  =  97 
per  cent.  Evidently  any  resistance  inserted  in  the  neutral,  if  it  is  to 
limit  currents  to  values  appreciably  less  than  those  obtained  when 
the  neutral  is  dead  grounded,  must  be  capable  of  withstanding 
practically  normal  phase  potential.  Moreover,  the  purpose  of 
grounding  the  neutral  is  destroyed,  for  a  neutral  shift  of  75  per 
cent  or  more  of  the  phase  voltage  means  that  the  free  lines  have 
been  raised  to  practically  full  line  potential  above  ground. 

A  neutral  will  therefore  remain  stable  only  when  the  IR  drop 
produced  across  the  neutral  resistance  by  the  short-circuit  current 
is  small  compared  with  the  line  voltage.  Practically  all  the  volt- 
age must  be  consumed  by  the  resistance  of  the  ground  and  resist- 
ance of  neutral  in  series.  From  this  we  can  conclude  that  a 
neutral  with  resistance  will  hold  the  neutral  fairly  steady  and  pre- 
vent undue  rises  in  potential,  provided  the  line  grounds  do  not 
occur  with  resistance  (including  line  resistance  to  point  of  ground) 
less  than  ten  times  the  resistance  in  the  neutral. 

The  ratings  of  the  resistance  inserted  in  the  neutral  for  various 
limiting  values  of  short-circuit  current  are  given  in  Table  V. 
^Ihese   are   worked   out    on  the  basis  of  transformer  reactanoe 
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The  size  of  the  resistance  will  also  depend  upon  the  length  of  time 
short  circuit  Ls  maintained.  For  example,  if  the  system  is  pro- 
tected by  rdays  which  disconnect  the  apparatus  in  two  minutes, 
the  resistance  must  be  designed  to  dissipate  the  power  given  in 
the  table  for  this  period  of  time. 

Grounding  the  Xeuiral  at  Receiving  End.  In  the  preceding  dis- 
ctusion  the  neutral  at  the  generating  station  was  in  every  case 
considered  grounded.  However,  when  the  neutral  of  the  step- 
down  tran-sfr/rmers  at  the  far  end  of  the  transmission  line  is 
groundfr^l.  and  the  neutral  at  the  generating  station  isolated,  a 
different  condition  exists.  In  this  case,  when  one  line  near  the 
stej.»-down  transformers  becomes  grounded,  one  phase  is  short - 
c-ircuited  therebv,  and  current  flows  as  indicated  bv  the  arrows 
in  Fig.  6.  If  the  step-down  transformers  are  small  compared 
t^-ith  the  kilovolt-ampere  capacity  of  the  system  to  which  they 
are  connected,  the  line  voltage  is  not  appreciably  affected  by 
this  short  circuit,  although  the  grounded  line  assumes  gix)und 
p<^>tential.  Line  potential  is  therefore  impressed  across  two 
phases,  as  indicated  in  a  of  Fig.  6,  and  the  ungrounded  lines 
assume  a  potential  of  practically  line  voltage  above  ground. 
The  currents  flowing  are  single-phase  and  produce  in  each  phase 
a  reactance  drop  equal  to  a6,  that  is,  phase  voltage. 

If,  on  the  other  hand,  the  step-down  transformers  have  a 
kilovolt-ampere  rating  comparable  with  the  rating  of  the  trans- 
formers at  the  generating  station,  the  resulting  short-circuit 
currents  are  severe  enough  to  reduce  the  line  potential  at  the 
step-down    transformers    very  materially.      On  that    account 
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they  are  not  as  liable  to  an  increase  in  induced  potentials  and 
potential  stresses  from  winding  to  ground. 

Complete  protection,  however,  is  not  given  in  this  case  to  the 
step-up  transformers,  for  if  a  ground  occurs  near  the  generating 
station,  the  short-circuit  currents  must  flow  through  the  ground 
between  the  generating  station  and  receiving  end,  in  which  case 
the  voltage  drop  on  the  ground  and  in  lines  may  be  sufficient  to 
limit  the  short-circuit  currents,  and  therefore  decrease  the  react- 
ance drop  within  the  transformers.  Under  this  condition,  the 
terminals  of  the  step-up  transformers  will  assume  a  potential 
above  groimd  eqtial  to  line  voltage. 

Auto-Transformers.  Wherever  it  is  desired  to  interconnect 
two  high- voltage  systems  of  not  very  great  voltage  difference, 


Generating  End 


Receiving  ind 
a 


Fig.  6 


as,  for  example,  100,000  volts  and  60,000  volts,  the  use  of  Y- 
connected  auto-transformers  is  cheaper  than  transformers,  be- 
cause a  large  saving  is  effected  due  to  the  fact  that  the  rating  is 
only  a  fraction  of  the  power  which  the  auto-transformer  can 
transmit  from  one  system  to  the  other.  Since  reduction  in  rat- 
ing is  only  material  when  the  connection  is  Y,  a  delta-connected 
auto-transformer  is  seldom  used.  But  when  the  transformation 
ratio  is  three  or  more,  the  saving  in  the  use  of  auto-transformers 
instead  of  transformers  is  too  small  to  outweigh  the  disadvant- 
ages which  their  use  entails. 

As  auto-transformers  are  cheaper  from  the  standpoint  of 
first  cost,  it  is  of  interest  to  investigate  potential  stresses  at 
normal  or  fundamental  frequency  resulting  from  abnormal 
conditions,  as  line  grounds,  etc.,  in  order  to  determine  their 
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reliability  and  therefore  their  eventual  cost.  These  insulat 
stresses  depend  upon  whether  the  system  is  isolated  or  grourw 
Y,  and  whether  the  neutral  of  the  auto-transformer  is  ground 
There  are  four  cases : 

Case    I.     System     Isolated,    Auto-Transformer    Neuti 

Ungrounded  (See  Fig.  7) 

(a)     A   triple-frequency  e.m.f.   exists  from  line   to   neut 
increasing  the  induced  potential  stress  from  20  to  50  per  a 
depending  upon  the  flux  density  in  the  iron.     The  insulat 
stress  from  winding  to  core  is  increased  at  the  neutral,  but 
at  the  line  ends  of  the  winding.     The  presence  of  the  tri] 
frequency  voltage,  therefore,  is  not  serious,  for  although 
average   potential   stress   on   the   insulation   is   increased, 
maximum   stress   is   not   affected. 


hi^/f  -  volfaqe 


Fig.  7 — System  Isolated,  Auto-Transformer  Neutral  Ungroi'N 

(b)  A  ground  at  X  (Fig.  7)  places  the  lovv-voltage  line 
and  C  at  a  potential  above  ground  ai^proximatcly  equal  to  ( 
high-voltage    +   0.42  low-voltage. 

Thus,  if  the  auto-transformcr  steps  up  from  60,000  v 
to  100,000  volts,  a  solid  ground  existing  on  the  high-voll 
line  raises  the  potential  of  the  low-voltage  line  to  81,000  v 
above  ground. 

Case    II.    Syste.m    Isolated,    Aito-Transformer    Xevt 

Grounded    (Fig.    8) 

(a)  The  triple-frequency  e.m.f.  which  is  ])resent  as  in  ( 
I,  is  now  exerted  across  the  line  insulation  to  ground.  Th 
particularly  dangerous  if  the  auto-transfonner  is  connectec 
systems  havnng  considerable  electrostatic  capacity.  Elec 
static  capacity   between   lines   and   ground   causes    a    char] 
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current  in  which  the  third  harmonic  is  prominent,  which  reacts 
on  the  triple-frequency  e.m.f.,  intensifying  it.  Potential  peaks 
equal  to  three  times  normal  can  easily  be  obtained  in  this  way 
at  ordinary  densities,  although  at  very  low  densities  and  at 
saturation  densities,  the  danger  is  less.  The  charging  current 
necessary  to  produce  these  voltages  is  not  large. 


Fig.  8 — System   Isolated,  Auto-Transformer  Neutral  Grounded. 


(b)  A  ground  at  A  causes  NA  to  collapse,  NA  and  X  are 
reduced  to  ground  potential  and  the  remaining  phases  receive 
open  delta  excitation  at  1.73  normal  flux  density.  This  is 
shown  by  the  dotted  lines  in  Fig.  8.  B  and  C  are  placed  at 
low- voltage  potential  above  ground. 

(c)  A  ground  at  X  produces  the  same  result  as  a  ground  at  A . 


Fig.  9 — System  Grounded,  Auto-Transformer  Neutral  Ungrounded 

Case   III.  System   Neltral  Grounded,  Auto-Transformer 

Neutral  Isolated  (See  Figs.  9  and  10) 

(a)  Triple -frequency  voltage  present  as  in  Case  I.  Since 
the  neutral  is  isolated,  there  is  no  danger  of  the  triple-frequency 
voltage  being  intensified. 
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(b)  A  ground  at  A  short-circuits  one  phase  of  the  low-volt- 
age system. 

(c)  A  ground  at  X  results  in  distortion  of  and  increase  in 
induced  voltage  in  the  auto-transformers,  as  shown  in  Pig.  IQ. 
The  low-voltage  S3rstem  does  not  receive  an  abnormal  voltage 
or  abnormal  insulation  stress. 


Pig.  10 — System  Grounded,  Auto-Transformer  Ungrounded,  Show- 
ing Bpfbct  of  Dead  Ground  Occurring  on  Line 

Case  IV.  System  Neutral  Grounded,  Auto-Transformer 

Neutral  Grounded  (See  Fig.  11) 

(a)     Triple-frequency  e.m.f.  is  much  reduced  because  triple- 
frequency  currents  can  flow  through  ground  connections.     The 


Fig.  11 — System  Grounded,  Auto-Transformer  Neutral  Grounded. 


reduction  in  triple-frequency  e.m.f.   depends  somewhat   upon 
the  resistance  of  the  ground  circuit. 

(b)     A  ground  at  A   short-circuits  one  phase   of   the  low- 
voltagefcirctiit. 
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(c)  A  ground  at  X  short-circuits  one  phase  of  the  auto- 
transformer  and  one  phase  of  the  low-voltage  circuit  through 
the  auto-transformer  reactance.  The  potential  of  B  and  C 
cannot  rise  above  normal  values. 

In  the  above  cases,  single-phase  auto-transformers  were 
assumed,  although  the  same  results  are  obtained  in  three-phase 
shell  type  units.  In  the  three-phase  core  type  transformers, 
the  triple-frequency  e.m.f.  is  reduced  to  negligible  proportions 
on  account  of  the  interlinked  magnetic  circuit.  Moreover, 
in  the  case  of  a  grounded  neutral,  when  a  ground  occurs  on  the 
line,  the  interlinked  magnetic  circuit  resists  the  collapse  of  one 
phase,  by  causing  heavy  currents  to  flow  in  all  three  phases. 
The  value  of  this  current  depends  upon  the  resistance  of  the 
ground,  a  dead  ground  in  the  majority  of  cases  causing  ciurents 
comparable  to  short-circuit  currents. 

If  the  neutral  of  the  system  is  grounded  through  a  resistance 
to  limit  short-circuit  currents,  excessive  currents  are  prevented 
when  a  ground  occurs  on  the  line.  However,  in  that  case  the 
neutral  will  remain  stable  only  for  high-resistance  line  grounds. 
If  a  dead  ground  occurs  on  the  line,  full  phase  voltage  is  impressed 
across  the  neutral  resistance  and  potential  stresses  will  exist 
similar  to  those  occurring  in  isolated  delta  systems.  In  general, 
it  may  be  said  that  the  grounded  neutral,  with  a  resistance  to 
limit  the  current  flow,  acts  like  a  solidly  grounded  system  as 
long  as  grounds  of  high  resistance  only  occur  on  the  line.  When 
a  dead  ground  occurs,  the  resulting  potential  stresses  will  be 
practically  the  same  as  if  the  system  were  operating  ungrounded. 

It  should  be  borne  in  mind  that  the  conditions  in  the  majority 
of  practical  cases  considerably  depart  from  those  cited  here. 
For  example,  in  the  case  shown  by  Fig.  7,  the  normal  flux  density 
may  be  so  high  that  the  magnetizing  current  required  for  73 
per  cent  increase  in  voltage  will  be  so  great  as  to  cause  a  line 
reactance  drop  sufficient  to  reduce  considerably  the  voltages 
applied  to  the  transformers.  However,  the  diagram  applies  rigidly 
to  all  cases  where  the  normal  flux  density  is  made  low  enough 
so  that,  when  a  ground  occurs,  the  cores  will  not  be  super- 
saturated. Similarly,  the  conditions  shown  by  Fig.  10  will  not 
occur  in  practise  on  account  of  the  excessive  magnetizing  cur- 
rents resulting. 

It  is  evident  from  the  analysis  of  the  four  cases  given  above, 
that  high- voltage  auto-transformers  should  not  be  generally  used 
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without  solidly  grounding  the  neutrals.  Grounding  the  neutral  ne- 
cessitates the  elimination  of  the  triple-frequency  e.m.f.,  which  may 
be  done  either  by  using  the  three-phase  core  type  structure  or  by 
having  a  Y-delta  transformer  with  grounded  neutral  connected 
to  the  same  system.  The  latter  method,  is,  however,  question- 
able, because  the  safety  of  the  auto-transformer  then  depends 
upon  proper  operation  of  an- 
other piece  of  apparatus. 

If  such  precautions  are 
taken,  auto-transformers 
should  operate  successfully, 
although  they  still  possess  the 
objection  that  the  high-volt- 
age and  low-voltage  systems 
are  rigidly  connected  together 
by  means  of  an  electrical  con- 
ductor, whereas  a  transformer 
connects  the  systems  in  a 
more  flexible  manner,  i.e., 
magnetically.  Due  to  this,  a 
disturbance  occurring  on  one 
line  is  likely  to  be  felt  on  the 
other,when  auto-transformers 
are  used.  With  tie-in  trans- 
formers, operating  on  isolated 
systems,  it  is  possible  for 
grounds  to  occur  on  line  with- 
out disturbing  the  operation  piog.  12,  13,  U— Current,  Flux 
or  increasing  the  stresses  on  and  Voltage  Relations  in  Y- 
the  other  lines.  Connected  Auto-Transformers 


The  Third  Harmonic  in  the  Y  Connection 

Due  to  the  fact  that  the  permeability  of  iron  decreases  as  the 
flux  density  increases,  the  wave  shape  of  magnetizing  current  in 
a  transfonncr  is  different  from  the  wave  shape  of  the  electro- 
motive force.  When  the  impressed  electromotive  force  is  a 
sine  wave,  the  magnetizing  current  shows  a  peak,  which,  when 
analyzed,  resolves  itself  into  a  prominent  third  harmonic  and 
higher  harmonics  of  lesser  values. 

In  the  V  connection,  third-harmonic  currents  and  currents 
liaving  frequencies  multiples  of  the  third  cannot  flow,  on  account 
of  the  fact  that  these  currents  in  the  three  phases  would  be  in 
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phase  with  .each  othtr,  and  to  permit  them  to  flow,  a  circuit  must 
be  provided  at  the  neutral. 

Owing  to  the  fact  that  the  triple  harmonic  current  necessary 
for  sinusoidal  excitation  cannot  flow  in  Y-co,nnccted  transfonners 
the  resulting  flux  wave  takes  a  flattened  form,  which,  when  atia- 
lyzed,  resolves  itself  into  the  fundamental  and  a  triple  harmonic. 
The  flux  wave  under  this  condition  is  shown  in  Fig.  13,  and 
the  corresponding  voltages  in- 
duced from  line  to  neutral 
are  given  in  Fig.  14.  For 
average  operating  densities  in 
transformers,  the  triple-har- 
monic voltage  is  approxi- 
mately 60  per  cent  of  funda- 
mental voltage. 

When  the  neutral  of  the 
auto-transformer  is  grounded, 
the  triple  harmonic  together 
with  the  fundamental  is  im- 
pressed between  line  and 
ground  across  the  capacity  of 
the  connected  transmission 
line.  A  triple-frequency 
charging  current  flows  into 
the  line  and  through  the 
auto -transformer  windings. 
The  phase  angle  of  this  cur- 
rent with  reference  to  the 
fundamental  magnetizing  cui^ 
rent  is  shown  in  Fig.  12,  This 
triple-frequency  current  con- 
stitutes an  additional  magnetizing  current  in  the  auto- 
transformer,  and  a  comparison  with  Fig.  13  shows  that  it  is  in 
phase  with  the  triple-frequency  flux  which  was  produced  by  the 
original  sine  wave  magnetizing  current.  Therefore  the  triple- 
frequency  current  acts  to  increase  the  triple -frequency  flux  and  a 
corresponding  intensification  of  triple  voltage  ensues.  The 
increased  triple-harmonic  voltage  results  in  a  greater  triple  cur- 
rent, which  causes  a  further  increase  in  flux.  This  intensifica- 
tion is  only  limited  by  the  saturation  of  the  transformer.  Figs. 
15  and  16  show  flux  and  voltage  waves  in  which  the  third  har- 
monic has  reached  its  maximum  value.  It  is  evident  that  under 
such  conditions  of  operation  the  core  loss  of  the  transformers  will 
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be  about  three  times  normal  and  the  insulation  strees  about  fou 
times  normal. 

Conclusions 

The  following  are  the  more  important  conclusions  which  ma; 
be  drawn  from  this  paper: 

First:  Isolated  systems  are  subject  to  greater  insulatioi 
stresses  than  grounded  systems. 

Second:  In  grounded  systems,  the  averai^c  insulation  facto 
of  safety  is  greater  than  in  isolated  systems  under  similar  condi 
tions  of  operation. 

Third:  In  isolated  systems,  the  stresses  at  lower  frequeneie 
under  certain  conditions,  may  reach  values  sufficiently  high  ti 
injure  or  destroy  the  transformer  and  other  apparatus  connected 
to  the  system. 

Fourth:  In  an  isolated  system,  a  ground  on  the  line  is  mon 
lilcety  to  result  in  an  arcing  ground  or  intermittent  arcs  than  in  i 
grounded  system . 

Fifth:  A  ground  on  the  line  in  a  solidly  grounded  system 
reduces  the  potential  of  the  system  with  respect  to  ja"ound 
whereas  in  the  isolated  s^-stem,  a  ground  on  the  line  increases  thi 
potential  of  the  system  with  respect  to  ground. 

Sixth:  A  resistance  inserted  between  neutral  and  ground  t< 
limit  the  value  of  short-circuit  current  increases  thereb>-  the  in 
sulation  stresses  resulting  from  line  grounds. 

Seventh;  If  it  is  desired  to  limit  the  value  of  potential  a 
fundamental  frequency  above  ground  of  any  part  of  the  system  ti 
57  per  cent  of  line  potential,  it  is  necessary  to  solidly  ground  th 
neutrals  at  both  rccei\-ing  and  generating  end:;  of  transmission  line 

Eighth:  If  receiving  transformers  of  relatively  small  kilovolt 
ampere  capacity  are  connected  with  grounded  neutral  to  an  other 
wise  isolated  system,  they  arc  liable  to  severe  short  circuits 
and  the  grounded  neutral  only  partially  protects  the  syster 
from  potential  rises. 

Ninth:  In  Y-connected  auto -transformers,  it  is  dangerous  t 
operate  with  isolated  neutral  except  when  the  ratio  of  trans 
formation  is  nearly  unity. 

Tenth:  In  Y-connected  auto- transformers,  it  is  dangerous  t 
operate  with  isolated  neutral  except  when  the  entire  syster 
is  isolated. 

Eleventh:  In  Y-connected  auto-tran.sformers,  it  is  dangerou 
to  operate  with  grounded  neutral  unless  the  triple-harmonic  veil 
age  between  line  and  neutral  is  eliminated  or  kept  neghgibly  smal 
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A  STUDY  OF  SOME  THREE-PHASE  SYSTEMS 


BY    CHARLES    FORTESCUE 


Abstract  of  Paper 


The  star-star,  delta-delta,  delta-star  and  star-delta  connec- 
tions are  taken  up  in  order  and  their  individual  peculiarities  and 
characteristics,  precautions  that  must  be  taken  in  operation  to 
avoid  trouble,  and  where  and  when  the  system  may  be  grounded 
with  best  results,  are  discussed. 

The  question  of  delta-delta  vs.  delta-stiar  is  considered: 

(1)  For  moderate  voltages  the  delta-delta  system  has  the  ad- 
vantage on  account  of  its  greater  flexibility. 

(2)  For  high  voltages  the  delta-star  connection  is  preferable, 
chiefly  on  account  of  its  greater  strength  and  lower  cost.  There 
is  a  probability  that  a  delta-star  bank  of  transformers  will  cause 
less  disturbance  in  switching  than  one  that  is  delta-delta  con- 
nected. 

(3)  There  are  much  greater  possibilities  of  development  in 
iransformers  designed  for  delta-star  connection  than  for  any  other. 

(4)  Past  and  present  practise  upholds  the  use  of  the  delta-star 
connection  in  preference  to  the  delta-delta  for  high-voltage  trans- 
mission.' 


IT  IS  proposed  in  this  paper  to  study  several  common  methods 
of  connecting  transformers  for  use  on  polyphase  systems,  with 
the  view  of  displaying  the  advantages  and  disadvantages  of  each, 
showing  under  what  conditions  they  may  be  used  to  the  best 
advantage. 

Star-Star  Connections 

It  is  well  known  that  on  account  of  the  shape  of  the  hysteresis 
loop  of  transformer  iron,  the  m.m.f.  required  to  produce  a  sine 
wave  of  induction  in  a  magnetic  circuit  of  uniform  cross-section 
made  of  iron  will  not  be  of  simple  sine  wave  form,  but  will  in- 
clude a  third-harmonic  wave;  and  vice  versa,  if  the  third  harmonic 
be  absent  from  the  m.m.f.  it  will  appear  in  the  wave  form  of  the 
induction.  In  the  primary  of  a  star-connected  group  of  trans- 
formers the  sum  of  the  three  currents  flowing  towards  the  neutral 
point  must  be  zero;  consequently,  the  third  harmonics  of  the 
magnetizing  currents  in  each  phase,  being  of  the  same  phase,  are 
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suppressed  and  a  third  harmonic  appears  in  the  e.m.f .  between  the 
neutral  and  the  supply  mains. 

The  presence  of  the  third  harmonic  in  the  e.m.f.  between  the 
neutral  and  mains  of  the  primary  circuit  does  not  materially  af- 
fect the  e.m.f.  between  lines  in  the  secondary  circuit,  but  a  load 
cannot  be  taken  off  between  the  neutral  point  and  lines  because 
this  e.m.f.  is  unstable,  that  is  to  say,  the  neutral  point  will 
shift.  The  reason  for  this  is  evident  and  needs  no  explanation. 
If  the  neutral  point  of  the  secondary  circuit  be  grounded,  the 
secondary  line  terminals  will  have  a  third-harmonic  pulsation 
to  ground  which  may  cause  serious  disturbances  in  neighboring 
telephone  circuits. 

In  single-phase  transformers  and  three-phase  shell-type 
transformers  this  third-harmonic  component  of  the  wave  form 
may  be  entirely  eliminated  by  using  an  interconnected  star 
secondary  winding;  and  if  care  be  taken  properly  to  inter- 
lace the  windings,  the  neutral  point  will  be  stable  and  a 
load  may  be  taken  off  the  secondary  circuit  between  the  neutral 
and  lines. 

If  the  neutral  point  of  the  primary  winding  be  connected  to  the 
neutral  point  of  the  generator  the  secondary  neutral  point  will 
be  stable,  and  loads  may  be  supplied  between  the  neutral  point 
and  the  lines;  but,  since  the  generator  itself  may  have  a  third - 
harmonic  component  in  the  e.m.f.  between  neutral  and  terminals- 
it  is  not  advisable  to  ground  the  neutral  point  of  the  secondar}'' 
winding.  If,  however,  the  secondary  winding  be  in  intercon- 
nected star,  the  neutral  point  may  be  grounded  without  causing 
trouble. 

In  three-phase  transformers  of  the  form  of  construction 
known  as  core-type,  that  is  to  say,  transformers  with  interlinked 
magnetic  circuits,  this  same  interchange  of  m.m.f.  takes  place 
between  the  phases,  so  that  each  phase  has  part  of  the  required 
m.m.f.  supplied  from  the  other  two  phases  during  a  portion  of  the 
cycle.  The  sum  of  the  three  magnetic  fluxes  must  be  zero  and 
therefore  the  sum  of  the  three  induced  e.m.f s.  must  also  be  2:ero, 
and  thus  the  neutral  point  is  the  centroid  of  the  primary  voltage 
triangle.  In  such  transformers,  due  to  the  above-mentioned 
interchange  of  third-harmonic  m.m.f.,  there  exists  a  third-har- 
monic leakage  field  in  the  air  external  to  the  coils.  The  neutral 
point  will  be  symmetrical,  even  with  wide  difTerences  in  the 
permeability  of  the  cores,  the  required  m.m.fs.  for  the  three  cores 
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being  supplied  in  the  proper  relation  by  the  three  primary 
windings.  The  magnetizing  currents  in  three-phase  transformers 
of  this  type  which  are  unsymmetrical  have  third-harmonic 
components,  which  are  in  three-phase  relation  and  produce 
unlike  waves  in  the  three  phases. 

If  a  load  be  taken  off  the  secondary  of  a  three-phase  transformer 
of  the  type  under  discussion,  a  leakage  field  is  set  up  in  the  coil 
spaces  between  the  loaded  phase  and  the  other  two,  which  is 
usually  large.  The  regulation  of  such  transformers  for  loads 
between  the  neutral  and  lines  is  not  usually  good.  The  condition 
is  similar  to  the  effect  of  loading  one  side  of  a  single-phase  core- 
type  transformer  connected  for  three-phase  distribution  which 
had  not  been  designed  with  cross-connected  secondary  windings. 
Interconnection  of  the  primary  or  secondary  windings  is  one 
remedy  for  this  trouble. 

If  a  three-phase  transformer  or  group  of  single-phase  trans- 
formers be  intended  to  operate  with  the  neutral  of  the  primary 
connected  to  the  neutral  of  the  generator,  the  primary  winding 
should  not  be  interconnected,  because  thereby  the  impedance 
to  the  flow  of  the  third-harmonic  current  set  up  by  the  third- 
harmonic  component  in  the  generator  e.m.f.  wave  between 
neutral  and  terminals  is  rendered  verv  small  and  these  currents 
may  be  large  enough  to  cause  undue  heating. . 

In  the  straight  star-connection  with  single-phase  transformers, 
the  voltage  stress  per  turn  on  the  windings  is  quite  high  on  ac- 
count of  the  excessive  peaking  of  the  e.m.f.  between  neutral  and 
lines.  The  core  loss  of  the  transformers  is  usuallv  lower  than 
for  a  sine  wave  e.m.f.,  even  though  the  effective  value  of  the  neu- 
tral to  line  e.m.f.  is  more  than  57  per  cent  of  the  e.m.f.  between 
lines.  Formerly  it  was  considered  a  grave  disadvantage  of  this  con- 
nection that  a  short-circuited  unit  would  cause  73  per  cent  increase 
in  stress  on  the  other  two.  It  is  not  probable  now  that  such  a 
condition  could  exist  without  tripping  the  breakers,  since  this 
increase  in  voltage  with  the  steel  now  used  in  transformers  would 
result  in  a  magnetizing  current  having  an  effective  value  several 
times  the  full -load  value  of  current. 

The  advantage  of  the  star-star  connection  of  single-phase 
transformers  is  in  its  simplicity  and  low  cost.  It  is  not  stiitable 
for  four-wire  three-phase  distribution,  nor  should  it  be  operated 
with  the  neutral  grounded.  The  transformers  are  subjected  to 
an  undue  stress  between  layers  and  between  coils  on  account  of 
the  distorted  e.m.f.  between  neutral  and  lines. 
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If  the  neutral  of  the  primary  be  connected  to  the  neutral  of  a 
generator  which  has  no  third-harmonic  component  the  connec- 
tion may  be  used  for  four-wire  three-phase  transmission  with  or 
without  the  neutral  point  grounded. 

If,  on  account  of  the  desirability  of  groimding  the  neutral 
point,  it  is  foimd  necessary  to  interconnect  the  windings,  the 
advantage  of  simplicity  and  low  cost  is  lost,  to  a  great  extent. 

Three-phase  transformers  star-star-connected  may  be  used 
with  or  without  the  neutral  groimded,  for  three-phase  three- wire 
transmission.  Light  loads  may  also  be  taken  off  between  neutral 
and  line.  Interconnecting  the  low-tension  winding  does  not 
involve  much  trouble,  but  it  is  simpler  to  connect  this  winding 
delta,  which  produces  the  same  result  in  a  simpler  manner. 

Star-star-connected  three-phase  transformers  have  the  same 
advantage  as  single-phase  transformers  connected  in  the  same 
manner,  and  the  stress  to  which  the  insulation  is  subjected  may 
be  reduced  to  a  smaller  value  for  a  given  voltage  between  terminals 
than  with  any  other  connection;  this  advantage,  however,  is  of 
little  consequence  when  the  line  e.m.f.  is  low.  They  have  the 
additional  advantage  that  the  e.m.f s.  between  neutral  and  lines 
do  not  have  a  third  harmonic. 

Delta-Delta  Connection 

This  connection  is  the  most  widely  used  of  all  three-phase 
connections,  and  is  recommended  for  moderately  high  voltages 
on  account  of  its  extreme  flexibility. 

The  third  harmonic  and  its  multiples  arc  eliminated  in  the 
terminal  e.m.fs.  of  a  s\Tnmetrical  star-connected  generator,  and 
if  the  three  delta-connected  transformers  are  alike  in  design 
and  magnetic  characteristics  they  will  be  absent  in  the  secondary 
e.m.fs.  Differences  in  characteristics  of  the  transformers  are 
corrected  in  this  connection  by  interchange  of  m.m.f.  through 
the  secondary  windings.  A  marked  dissymmetry  in  the  bank  of 
transformers  may  cause  a  third-harmonic  component  in  three- 
phase  relation  to  appear  in  the  secondary  e.m.f. s  between  lines; 
but  the  usual  third-harmonic  distortion  characteristic  of  the 
secondary  e.m.f.  of  single-phase  transformers  is  not  present  in  the 
e.m.f.  between  phases,  due  to  the  fact  that  the  delta-delta  con- 
nection affords  a  low  impedance  path  to  the  flow  of  current  set 
up  by  such  a  component,  thereby  automatically  eliminating  it. 
In  three-phase  transformers  of  the  form  known  as  core-type,  the 
interlinking   magnetic   circuits   of   the   three   phases   somewhat 
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modify  the  interactions  between  the  three  phases,  but  the  dif- 
ferences in  action  from  single-phase  transformers  connected  in 
delta  are  trifling. 

The  chief  advantage  of  the  delta-connected  group  of  single- 
phase  transformers  lies  in  its  flexibility.  If  one  of  the  trans- 
formers in  a  group  fails,  the  other  two  are  able  to  supply  power 
at  a  diminished  rating,  the  only  change  being  the  cutting  out  of 
the  defective  transformer,  which  may  be  done  without  inter- 
ference with  the  operation  of  the  other  two. 

The  stresses  to  which  the  insulation  is  subjected  are  higher 
than  in  the  star  connection,  and  there  is  no  means  of  grounding 
the  neutral  except  through  the  intermediary  of  an  interconnected 
star  group  of  single-phase  auto-transformers  or  a  three-phase 
auto-transformer,  or  some  such  device,  provided  with  a  star 
connection. 

Star-Delta  and  Delta-Star  Connection 

These  methods  of  connecting  transformers  have  been  the  sub- 
ject of  a  good  deal  of  controversy,  and  have  suffered  through 
misapplication.  It  was  pointed  out  that  in  the  star-star  connec- 
tion it  was  necessary  to  interconnect  the  primary  winding  to 
eliminate  the  distorting  third  harmonic  and  to  obtain  a  stable 
neutral  point;  this  is  effected  in  the  delta-star  connection  at  a 
minimum  cost,  and  with  a  maximum  degree  of  stability  of  the  neu- 
tral point.  It  is  in  reality  a  more  direct  transformation  than  the 
delta-delta  connection;  since  there  can  be  no  interchange  of 
m.m.f.  between  phases,  the  secondary  neutral  to  line  e.m.f.  is  the 
same  as  that  obtained  with  single-phase  transformation  and  may 
contain  a  trace  of  third  harmonic  as  in  single-phase  transformers 
due  to  the  reactive  drop  of  the  exciting  current. 

The  three-phase  core-type  transformer  with  delta-star  con- 
nection has  a  stable  neutral  point  and  also  on  account  of  the 
interlinked  magnetic  circuits  the  secondary  neutral  to  line  e.m.f.  is 
absolutely  free  from  third  harmonic.  The  three-phase  shell-type 
does  not  differ  materially  from  three  single-phase  transformers. 

The  star-delta  connection  has  some  very  interesting  peculiari- 
ties, lack  of  understanding  of  which  has  led  to  its  improper  use, 
resulting  in  troubles  which  have  been  considered  as  the  fault 
of  the  connection,  rather  than  of  the  individuals  who  misapplied 
it.  In  this  connection  the  sum  of  the  secondary  induced  e.m.fs. 
must  be  zero  on  account  of  the  delta-connected  secondary, 
consequently  the  neutral  point  of  the  primary  star  connection 
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must  be  the  centroid  o'  the  primary  e.m.f .  triangle,  except  for  the 
slight  distortions  caused  by  the  drop  due  to  the  exciting  currents 
in  the  windings.  It  has  already  been  pointed  out  that  a  third- 
harmonic  component  is  required  in  the  m.m.f.  wave  to  produce 
a  sine  wave  of  induction.  If,  therefore,  the  primary  is  star- 
connected,  from  what  source  is  this  third-harmonic  m.m.f.  sup- 
plied? The  answer  is  that  it  is  supplied  to  each  phase  as  required 
by  the  other  two  through  the  secondary  delta-connected  winding, 
so  that  there  exists  a  circulating  third-harmonic  magnetizing 
current  in  the  delta  of  transformers  connected  in  this  manner, 
which  is  equal  in  magnitude  and  time  phase  to  the  equivalent 
component  in  the  normal  single-phase  secondary  exciting  current 
of  the  transformers.  The  effect  of  differences  in  the  magnetic 
characteristics  of  transformers  so  connected  is  to  cause  slight 
dissymetr}'  in  the  secondary  e.m.f.  waves  between  lines,  which  is 
due  to  third-harmonic  components  in  three-phase  relation  which 
appear  in  these  e.m.fs. 

If  the  neutral  of  a  star-delta-connected  bank  of  transformers 
be  connected  to  that  of  the  generator  supplying  the  transformer 
the  result  will  be  a  short-circuit  so  far  as  the  third-harmonic  com- 
ponent of  thegenerator  between  neutral  and  terminalsisconcemed, 
the  flow  of  third-harmonic  current  being  limited  only  by  the  im- 
pedance of  the  transformers,  and  ver>'  serious  heating  may  result, 
both  to  the  generator  and  to  the  transformer.  Since  the  neutral 
of  the  transformer  is  stable  there  is  no  necessity  for  connecting  it  to 
that  of  the  generator,  and  if  it  is  desired  to  ground  the  primary 
system  this  may  be  done  most  advantageously  by  grounding 
the  neutral  point  of  the  bank  of  transformers. 

The  delta-star-connected  three-phase  transformer,  or  bank  of 
transformers,  is  suitable  for  three-phase  transmission  and  dis- 
tribution with  both  three  and  four  wires.  A  load  taken  off  be- 
tween neutral  and  line  will  cause  the  neutral  to  shift  only  an 
amount  equal  to  the  impedance  drop  of  the  transformer  suppl>'inj;: 
the  loaded  phase.  In  four- wire  three-phase  systems,  where  the 
e.m.f.  is  stepped  up  through  delta-star  transformers,  and  three- 
phase  [X)wer  is  supplied  through  star-delta  step-down  transfonners, 
the  latter,  if  their  neutral  be  connected  to  the  neutral,  serve  as 
balancers  for  loads  taken  off  between  neutral  wires  and  lines. 
Fig.  1  will  suffice  to  explain  this  action  of  the  star-delta-connected 
bank  of  transformers.  A  small  bank  of  star-delta -connected 
transformers  in  the  neighborhood  of  a  heavy  unbalanced  load 
taken  off  between  neutral  and  lines  at  the  end  of  a  long  feeder, 
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is,  on  account  of  this  characteristic,  liable  to  be  overioaded  if  its 
neutral  be  connected  to  the  neutral  wire. 

An  interesting  pectiliarity  of  these  connections  is  that  when 
the  wave  form  of  applied  e.m.f.  is  not  a  sine  wave,  a  peaking 
harmonic  in  the  e.m.f.  across  the  lines  will  produce  a  flattening 
harmonic  in  the  e.m.f.  between  neutral  and  lines,  and  vice 
versa,  although  the  effective  values  will  be  in  the  ratio  of  1  to 
V3,  as  for  a  sine  wave;  as  a  consequence  the  core  loss  of  a  three- 
phase  star-delta-connected  transformer  may  have  different 
values  when  measured  on  the  star  side  and  delta  side,  when  the 
form  factor  of  the  impressed  wave  differs  from  that  of  a  sine 
wave. 

The  star-delta  and  delta-star  connection  has  all  the  advan- 
tages of  the  star-star  connections  without  their  grave  disadvan- 
tages; as  pointed  out  before,  when  the  e.m.f.  is  low,  there  is  no 
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Fig.  1 — Illustrating   the    Regulating    Effect   of    a  Star-Delta- 
Connected  Group  of  Transformers  on  a  Three-Phase 

Four-Wire  System. 


inherent  advantage  in  the  star  connection;  actually  there  may 
be  decided  disadvantages.  There  is  no  advantage  in  supply- 
ing a  single-phase  load  from  the  neutral  point  of  a  generator, 
on  the  contrary  the  single-phase  output  of  a  three-phase  generator 
is  greatest  when  the  power  is  supplied  from  two  terminals. 
The  delta-star  connection  permits  of  this  and  therefore  in- 
creases the  unbalanced  capacity  of  the  whole  system.  Con- 
sequently, even  should  it  be  possible  to  entirely  eliminate  the 
third  harmonic  from  the  e.m.f.  wave  between  the  neutral  and 
terminals  of  a  generator,  the  star-star  connection  is  hopelessly 
out  of  the  running  when  it  has  to  compete  with  the  delta-star 
connection.  In  three-phase  transformers  the  delta-star  con- 
nection is  the  most  economical  way  of  obtaining  good  regula- 
tion between  neutral  wire  and  lines  in  a  three-phase  four-wire 
system. 
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Discussion  of  Delta-Delta  and  Delta-Star  Systems 

In  the  folloi*"ing  part  of  this  paper  the  discussion  will  be  con- 
fined to  the  last  two  sjrstems  of  three-phase  connections;  the 
proper  field  for  each  will  be  pointed  out  and  the  reason  given 
for  the  selection. 

For  three-phase  transmission  at  moderate  voltages,  say  up 
to  33,000  volts,  the  advantage  lies  with  the  delta-delta  con- 
nection for  single-phase  transformers,  on  account  of  its  greater 
flexibility  and  because  the  failtune  of  one  unit  in  a  bank  inter- 
rupts service  for  only  the  short  length  of  time  required  to  cut 
out  the  defective  unit,  operation  being  continued  with  the  trans- 
formers connected  in  V  at  a  reduced  rating. 

For  three-phase  four-wire  distribution  the  delta-star  and 
star-delta-connected  transformers  are  most  suitable.  It  may 
not  be  out  of  place  here  to  sound  a  note  of  warning  in  connec- 
tion with  supplying  single-phase  service  from  three-phase 
sources  grounded  or  ungrounded.  In  a  single-phase  trans- 
former connected  to  a  three-phase  system,  the  secondary  wind- 
ing has  a  potential  determined  by  the  mean  potential  of  its 
primary  winding  and  the  relative  capacity  between  primar>' 
and  secondary  and  between  secondary  and  ground.  An  un- 
grounded  secondary  winding  which  is  disconnected  from  its 
wiring  may  have  quite  a  high  potential  due  to  this  effect.  A 
preferable  way  of  supplying  house  lighting  from  a  three-phase 
line  would  be  by  means  of  a  three-phase  step  down  transformer 
or  bank  of  single-phase  transformers  having  secondaries  con- 
nected in  star-delta  or  interlinked  six-phase,  then  if  the  supply 
circuit  were  grounded  at  the  neutral  point,  the  secondary  cir- 
cuit could  be  operated  with  safety  ungrounded.  The  practise 
of  running  single-phase  feeders  from  a  three-phase  supply  to 
outlying  districts  for  the  purpose  of  supplying  lighting  service 
is  bad  in  so  far  as  when  the  secondaries  are  grounded  it  is  liable 
to  interfere  with  telephone  service. 

Turning  our  attention  now  to  three-phase  transmission  at 
voltages  above  44,000  volts,  the  problem  of  insulating  begins 
to  assume  importance.  Figs.  2  and  3  are  potential  diagrams 
of  delta-delta  step-up  and  step-down  transformers  and  delta- 
star  step-up  and  star-delta  step-down  transformers.  The 
point  O,  the  centroid  of  the  potential  triangle,  is  at  zero  poten- 
tial; the  potential  of  any  portion  of  the  winding  of  any  phase 
is  given  by  the  distance  of  the  equivalent  point  on  the  potential 
diagram   from   the   centroid.     The   e.m.fs.    and   instantaneous 
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potentials  are  given  by  the  projection  of  the  points  ABC, 
a  b  c  on  a,  given  line  passing  through  O,  the  triangle  A  B  Cfit 
being  considered  as  rotating  about  O  so  as  to  make  one  complete 
revolution  per  cycle.  Comparing  these  two  potential  diagrams, 
it  will  be  apparent  that  the  high-tension  winding  of  the  delta- 
star  transformer  is  subject  to  lower  average  stress  than  that 
of  the  delta-delta,  varying  in  the  first  connection  from  0  to 
57.7  per  cent  of  the  line  e.m.f.  and  in  the  second  connection 
from  28.8  per  cent  to  57.7  per  cent  of  the  line  e.m.f. 

The  tendency  of  any  connection  to  give  trouble  during 
switching  will  probably  depend  largely  on  the  amount  of  po- 
tential energy  stored  in  the  system  under  normal  operating 
conditions.     The    high-tension   windings    of   the    transformers 


•^ 


Fig.  2 — Potential  Diagram  of  Fig.  3 — Potential  Diagram  of 
Delta-Delta  Connected  Delta-Y  or  Y-Delta  Con- 
Bank  OF  Transformers,  Nor-  nected  Bank  of  Transform- 
MAL  Operation.  ers,  Normal  Operation. 

in  both  connections  will  have  about  the  same  capacity  to  ground, 
the  tendency  being  for  higher  values  in  the  transformers  for 
the  delta-delta  connection.  If  v  be  the  effective  value  of  the 
e.m.f.  between  lines,  the  maximum  amount  of  energy  stored 
in  the  dielectric  will  be  in  the  case  of  the  delta-delta  connection 

for  each  transformer —t; — ,  and    in    the    case    of  the  delta-star 

6 

connection  it  will  be  — —   for   each   transformer,   the   value    C 

y 

being  the  total  capacity  of  the  high-tension  winding  of  each 
transformer  to  ground. 

It  follows  in  consequence  that  there  will  probably  be  fewer 
disturbances   caused  in   a  transmission  system   when  a  star- 
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delta  bank  is  switched  on  and  off  the  circuit  than  when  a  delta- 
delta  bank  of  the  same  capacity  is  switched  on  and  off;  and 
therefore  the  insulation  stresses  due  to  switching  in  the  star- 
delta  connection  will  be  correspondingly  smaller  than  in  the 
delta-delta  connection. 

The  same  relations  hold  true  for  any  conditions  that  may 
arise  in  operation  which  causes  the  breakers  to  open,  such  as  a 
ground  on  the  line,  short  circuits  between  phases,  etc.  In 
every  case  the  energy  stored  in  the  dielectric  is  less  for  the  star- 
delta-connected  group  than  for  the  delta-delta-connected  group. 

The  dangers  arising  from  switching  are  caused  not  so  much 
by  the  rapid  interruption  of  large  currents  (for  as  a  matter  of 
fact  the  rate  of  diminution  at  the  instant  of  interruption  is  not 
very  much  greater  than  if  the  breaker  remained  closed),  as 
because,  after  the  current  has  ceased,  the  potential  energy  in 
the  two  systems,  that  is,  the  disconnected  bank  of  transformers 
and  transmission  line,  becomes  changed  into  kinetic  energy, 
setting  up  oscillations  in  the  two  systems  which  produce  dif- 
ferences of  potential  at  the  disconnecting  points  sufficient  to 
cause  them  to  arc  over.  These  abrupt  changes  in  condition 
set  up  other  trains  of  oscillation  which  are  superimposed  on  the 
first,  resulting  in  abnormal  stress  on  the  insulation  of  the  trans- 
formers. 

When  the  line  is  disturbed  by  lightning,  the  capacity  of  the 
transformers  will  have  little  to  do  with  the  severity  of  the 
disturbance.  The  charge  due  to  a  thunder-cloud,  when  re- 
leased, sets  up  waves  which  on  striking  the  transformers  cause 
a  high  stress  between  adjacent  turns  of  the  windings,  particularly 
those  near  the  terminals.  A  large  capacity  between  adjacent 
turns  will  tend  to  reduce  the  severity  of  these  stresses.  In  the 
star  high-tension  winding  the  large  wide  conductors  tend  to 
large  values  of  ca]3acity  between  adjacent  turns,  which  is  the 
condition  required  for  reducing  the  stresses. 

The  delta-star  grouping  has  the  advantage  from  an  insu- 
lation standpoint  even  if  the  neutral  point  is  not  grounded. 
With  a  grounded  neutral  point  the  insulation  stress  is  still 
further  reduced,  an  advantage  which  cannot  be  obtained  with 
the  delta-delta  system  without  auxiliary  star-delta  transformers. 

The  mechanical  stresses  due  to  short  circuit  will  be  the  same 
for  both  systems,  but  delta  high- voltage  windings  are  not  so 
well  ada])ted  to  withstand  mechanical  shock  as  the  stauncher 
windings  for  star  connection.     It  may  therefore  be  stated  that, 


f 
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with  equal  mechanical  support,  the  delta  high-voltage  winding 
will  be  mechanically  weaker  than  the  corresponding  star  winding. 

Considering  the  two  systems  from  the  point  of  view  of  cost, 
let  the  cost  of  winding  the  coils  be  considered  first  of  all.  The 
coils  used  in  all  power  transformers  of  large  capacity  are  dis- 
coidal,  sometimes  termed  pancake  coils,  and  consist  of  spirally 
wound  flat  copper  ribbon  conductors  insulated  with  sleeves 
or  strips  of  micanite  or  other  insulating  material.  To  enable 
the  workman  to  produce  a  servicable  coil  the  conductor  must 
be  large  enough  to  hold  down  the  sleeves  or  layers  of  insulating 
materials,  otherwise  the  coil  will  be  "  mushy  *\  However 
carefully  a  "  mushy  "  coil  may  be  clamped  up  and  treated  it 
can  never  be  as  strong  mechanically  as  on©  more  solidly  con- 
structed of  heavier  conductor.  More  care  is  therefore  involved 
in  winding  such  coils,  in  their  preparation  for  treatment  and  in 
their  handling  after  treatment,  during  assembly.  The  cost  per 
turn  per  coil  is  therefore  higher,  as  is  also  the  cost  of  treatment 
and  handling  per  coil.  There  are  73  per  cent  more  turns  in  a 
complete  delta  winding  than  in  a  star  winding,  and  an  equiv- 
alent larger  number  of  coils.  The  cost  of  the  complete  winding 
will  therefore  be  considerably  more  for  the  delta  than  for  the 
star  system. 

In  assembling,  each  coil  has  its  own  individual  insulation; 
each  lead  must  be  tied  to  its  proper  position.  The  coils  in  a 
group  must  be  placed  in  position  one  by  one  during  assembly 
and  the  connections  soldered.  There  are  therefore  more  opera- 
tions in  the  assembly  of  a  delta  winding  than  in  that  of  a  star 
winding  and  the  coils  have  to  be  handled  with  more  care.  The 
cost  of  assembly  will  therefore  be  higher  for  the  delta-connected 
than  for  the  star-connected   transformers. 

Since  the  conductor  to  be  insulated  is  smaller  in  the  trans- 
formers of  the  delta  group  than  in  those  of  the  star  group, 
the  insulation  will  occupy  relatively  more  space  in  the  former 
than  in  the  latter,  with  the  result  that  the  dimensions  of  the 
transformers  for  delta  connection  will  be  larger  and  require 
more  active  material  than  those  for  the  star  connection. 

A  transformer  designed  for  delta-star  connection  is  less  costly 
to  manufacture  than  one  designed  for  delta-delta  connection. 
The  high-tension  wiring  of  a  group  of  star-connected  trans- 
formers is  simpler  than  that  for  one  of  delta-connected  units, 
which  is  no  inconsiderable  advantage  with  high  transmission 
voltages. 
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POSSIBIUTIBS    OF     DbVBLOPMBNT 

The  above  discussion  applies  to  present  standard  practise. 
Considered  from  the  point  of  view  of  futtire  development,  the 
advantage  is  all  with  the  delta-star  and  star-delta  connections. 
Thus,  for  example,  the  worst  condition  of  stress  in  the  trans- 
formers arises  when  one  line  becomes  grounded.  Pigs.  4  and 
5  are  the  potential  diagrams  for  such  a  condition.  The  delta 
group  has  a  maximum  stress  varying  from  line  voltage  to  87.7 
per  cent  of  the  line  voltage;  in  the  star  group  the  maximum 
stress  varies  from  line  voltage  down  to  57.7  per  cent  of  the  line 
voltage.  If  full  advantage  be  taken  of  this  difference,  the  trans- 
former for  star  connection  will  be  lowered  still  further  in  cost. 

With  the  advantage  afforded  by  grounding  the  system  at 


Fig.  4 — Potential   Diagram   of  Fig.  5 — Potential  Diagram  of 
Delta- Delta          Connected  Delta- Y    or    Y- Delta   Con-' 
Bank     of      Transformers —  nected  Bank  of  Transform- 
One  Line  Grounded.  ers — One  Line  Grounded. 

the  neutral  point,  the  star-connected  group  may  be  manufac- 
tured at  a  ver>'  much  lower  cost  than  the  delta-connected  group. 
As  improvement  in  methods  of  switching  will  enable  the 
manufacturer  to  take  further  advantage  of  the  lower  stress  to 
which  the  star-connected  group  is  subjected  under  operating 
conditions,  considerable  development  may  therefore  be  expected 
in  this  direction  in  the  future. 

Past  and  Present  Practise 

In  view  of  the  fact  that  the  largest  and  most  successful  power 
transmissions  in  America  are  operated  with  delta-star  step-up 
and  star-delta  step-down  transformers,  and  that  several  among 
them,  together  with  a  large  number  of  smaller  power  companies, 
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have  been  in  operation  for  a  considerable  length  of  time,  it 
seems  somewhat  superfluous  to  bring  up  arguments  in  support 
of  this  method  of  connecting  transformers.  Following  is  a 
list  of  power  transmissions  using  transformers  star-connected 
on  the  high-tension  side  which  have  been  in  operation  for  a 
considerable  length  of  time. 

Ontario  Power  Company 66,000  volts. 

Southern  Power  Co '. 100  000      " 

Ontario  Hydroelectric  Power  Ccmpany.  110,000       " 

The  table  on  p.  765  gives  a  list  of  power  companies  transmitting 
at  70,000  volts  and  above;  22  out  of  37  of  these  use  transformers 
which  are  star-connected  on  the  high-tension  side.  One  of  the  most 
recent  is  the  large  power  development  of  the  Mississippi  River 
Power  Co.,  the  Keokuk  development  transmitting  pbwer  at 
110,000  volts.  Perhaps  the  most  notable  of  recent  power  de- 
velopments is  that  of  the  Pacific  Light  and  Power  Company, 
transmitting  at  150,000  volts,  which  employs  the  delta-star 
connection. 

It  wiU  be  evident  from  this  table  that  the  advantages  of  the 
delta-star  connection  are  recognized  by  a  large  number  of 
engineers;  but  it  shotild  be  used  universally  for  transmission 
voltages  above  66,000  volts  instead  of  in  a  little  more  than  50 
per  cent  of  the  cases  as  the  table  indicates. 

Conclusions 

For  transmission  voltages  below  44,000  volts,  either  trans- 
formers with  star  or  delta-connected  high-tension  windings 
may  be  used;  the  delta  connection  has  a  slight  advantage  due 
to  its  greater  flexibility.  For  transmission  voltages  above 
44,000  volts,  transformers  with  star-connected  high-tension 
windings  should  be  used. 

This  conclusion  is  upheld  by  sound  reason  and  also  because 
it  has  been  tried  out  successfully  on  some  of  the  largest  trans- 
missions in  the  world,  several  of  which  have  been  operating 
successfully  for  a  number  of  years. 


PrtsenUd  at  the  296th  Meeting  of  the  Ameri' 
can  InstittU*  of  BUctrical  Engineers,  Pittsfield, 
Mass.,  May  20.  1914. 

Copyright  1914.     By  A.  I.  B.  B. 


EXPERIENCE  OF  THE  PACIFIC  GAS  AND  ELECTRIC  CO. 

WITH  THE  GROUNDED  NEUTRAL 


BY  J.  P.  JOLLYMAN,  P.  M.  DOWNING  AND  P.  G.  BAUM 


Abstract  of  Paper 


The  paper  gives  an  outline  of  the  distributing  system  of  the 
Pacific  Gas  and  Electric  Company  of  California  which  operates 
at  60  kv.,  the  transformers  being  Y-connected,  with  the  neutrals 
solidly  grounded.  The  company  considers  the  grounded  neutral 
system  has  a  number  of  important  advantages  with  regard  to  the 
transformers,  the  transmission  lines,  and  operation. 

The  fewer  turns  of  larger  capacity  of  the  Y-connected  trans- 
formers and  the  fixed  lower  average  voltage  to  ground  greatly 
increase  their  reliability. 

The  maximum  voltage  on  the  line  insulators  with  the  grounded 
neutral  is  never  more  than  57.7  per  cent  of  the  line  voltage,  and 
it  is  possible  to  maintain  polyphase  service  at  a  substation  on  a 
branch  line  with  only  two  wires  in  case  one  wire  should  be  cut  out. 
This  cannot  be  done  on  a  delta  system  unless  one  phase  of  the 
system  be  grounded,  which  is  very  undesirable. 

With  a  grounded  neutral,  a  wire  down  is  instantly  detected  and 
power  must  be  shut  off.  In  a  delta-connected  system  an 
arcing  ground  is  often  followed  by  surges  which  break  down  the  in- 
sulation at  other  points,  the  cause  of  this  disturbance  being  the 
oscillatory  character  of  the  arc.  In  the  grounded  Y  system  no 
such  disturbances  occur,  as  the  frequency  of  an  arc  to  ground  is 
the  same  as  that  of  the  system  and  any  damage  is  confined  to  the 
point  of  failure. 

It  is  also  believed  that  operation  with  the  grounded  neutral 
causes  less  disturbance  in  telephone  and  telegraph  lines  than 
would  be  the  case  in  delta-connected  lines. 


THE  PACIFIC  Gas  and  Electric  Company  operates  a 
very  extensive  60-cycle  transmission  network  in  Central 
California.  The  60-kv.  system  comprises  about  1260  miles 
(2027  km.)  of  three-phase  circuit.  It  is  supplied  directly  by 
nine  hydroelectric  plants  having  an  installed  generator  capacity 
of  67,310  kw.  and  three  steam  plants  having  an  installed  turbo- 
generator capacity  of  68,000  kw.  In  addition  there  are  14,300 
kw.  of  steam  engine-driven  generators  in  the  company's  steam 
plants  which  are  held  in  reserve.  The  100-kv.  system  which  has 
just  been  put  into  operation  has  one  hydroelectric  generating 
station  of  25,000  kw.  capacity  and  109.5  miles  (176  km.)  of 
circuit.  The  entire  out]Dut  is  fed  into  the  60-kv.  system  through 
one  substation. 
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For  the  piirpose  of  the  receipt  or  delivery  of  power  the  60-kv. 
system  is  connected  as  follows:  at  Chico  to  the  60-kv.  system 
of  the  Northern  California  Power  Company;  at  Santa  Rosa  with 
the  60-kv.  system  of  the  Snow  Mountain  Water  and  Power  Com- 
pany; at  a  point  near  Folsom  with  the  60-kv.  system  of  the  West- 
em  States  Gas  and  Electric  Company;  and  at  Oakland,  through 
transformers,  with  the  100-kv.  system  of  the  Great  Western 
Power  Company. 

These  connections  very  considerably  increase  the  length  of 
circuit  and  total  generator  capacity  connected  to  the  60-kv. 
system.  The  entire  60-kv.  and  the  100-kv.  systems  are  usually 
operated  in  parallel. 

The  transformers  at  all  the  company's  own  generating  stations 
and  at  all  important  substations  have  their  high-tension  windings 
Y-connected  with  the  neutral  solidly  grounded.  The  low- tension 
windings  of  the  generating  station  transformers  are  nearly  all 
delta-connected  as  arc  also  about  half  of  the  substation  trans- 
formers. The  remaining  substation  transformers  have  both 
windings  Y-connected  with  solidly  grounded  neutrals.  In  most 
of  the  substations  where  the  low-tension  windings  are  delta- 
connected,  a  switch  is  provided  between  the  high-tension  neutral 
and  the  ground,  which  is  normally  kept  open.  This  avoids  the 
short-circuiting  of  one  transformer  in  case  of  a  ground  on  the 
transmission  system  and  prevents  the  substation  being  cutoff 
from  the  system  by  the  opening  of  the  protective  de\'ices  on  the 
high-tension  side  of  the  transformers.  There  are  over  225,000 
kw.  of  60-kv.  transformer  capacity  in  the  company's  own  generat- 
ing plants  and  substations. 

The  Northern  California  Power  Company,  the  Snow  Mountain 
Water  and  Power  Comi)any  and  the  Western  States  Gas  and 
Electric  Company  operate  their  transformers  Y-connected  with 
the  neutrals  solidly  grounded.  The  connection  with  the  Great 
Western  Power  Company  is  through  transformers  connected 
delta  to  delta.  This  method  of  connection  is  not  theoretically 
correct  where  power  is  to  be  fed  from  the  delta-connected  trans- 
formers into  the  grounded  Y  system,  because  a  ground  on  one 
wire  of  the  line  connecting  the  delta-connected  source  of  supply 
with  the  grounded  Y  system  will  impress  173  per  cent  of  normal 
voltage  across  the  high-tension  windings  of  two  of  the  trans- 
formers in  the  grounded  Y  banks.  The  resulting  disturbance 
in  the  low-tension  circuits  is  very  severe.  Our  experience  proves 
conclusively  that  this  method  of  connection  is  not  desirable. 
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At  all  generating  stations,  and  at  all  important  junction  points 
and  substations,  the  60-kv.  lines  are  controlled  by  oil  switches. 
The  lines  are  switched  out  under  any  condition  of  load  or  short 
circuit  as  occasion  demands.  The  lines  are  also  switched  on  at 
full  voltage.  We  have  operated  in  this  manner  for  over  10  years 
and  have  never  had  any  failures  of  transformers  or  of  line  in- 
sulation which  could  be  attributed  to  this  method  of  operation. 

We  consider  that  the  grounded -neutral  system  as  compared 
with  the  delta  system  affords  the  following  important  advantages : 

1.  With  Regard  to  Transformers:  Transformers  are  wound  for 
only  57.7  per  cent  of  the  voltage  required  in  the  delta  system. 
The  average  voltage  to  the  neutral  from  all  points  of  the  windings 
is  50  per  cent  of  the  voltage  from  line  to  neutral;  that  of  a  delta 
bank  is  69  per  cent.  The  product  of  the  turns  times  the  average 
voltage  to  neutral  in  the  Y-connected  bank  is  41.8  per  cent  of 
that  in  the  delta-connected  bank.  The  windings  have  173  per 
cent  the  current  capacity  of  the  windings  of  a  delta  transfonner. 

In  addition  there  is  only  one  line  terminal  per  single-phase 
transformer,  wiring  for  a  spare  unit  is  much  simpler  and  the  high- 
tension  windings  may  be  used  as  auto- transformers  in  supplying 
small  amounts  of  power  to  lower- voltage  circuits. 

The  connection  between  the  Pacific  Gas  and  Electric  Com- 
pany's 100-kv.  system  and  the  60-kv.  system  is  made  with  auto- 
transformers  connected  grounded  Y.  We  believe  this  to  be  the 
simplest,  most  reliable  and  most  efficient  connection  that  can  be 
made  between  two  such  systems. 

Our  transformers  have  given  so  little  trouble  that  we  have  not 
had  much  occasion  to  try  to  maintain  service  with  only  two 
transformers.  We  have  had  no  difficulty,  however,  in  carrying 
loads  up  to  2000  or  3000  kw.  with  two  transformers. 

Our  experience  confirms  our  belief  that  the  fewer  turns  of  greater 
current  ca])acity  and  the  fixed  lower  average  voltage  to  ground 
of  the  transformers  greatly  increase  their  reliability. 

2.  With  Regard  to  Transmission  Lines:  The  maximum  voltage 
on  the  line  insulators  is  fixed  and  is  never  more  than  57.7  per  cent 
of  the  line  voltage.  Ten  years  ago  the  pin  type  insulator  was 
the  only  type  obtainable  and  the  low  fixed  maximum  voltage  of 
the  grounded  neutral  system  has  unquestionably  been  of  great 
assistance  in  securing  the  best  service  from  this  type  of  insulator. 

It  is  possible  to  maintain  polyphase  service  at  a  substation 
on  a  branch  line  with  only  two  wires  in  the  event  one  wire  should 
be  cut  out.     This  cannot  be  done  on  a  delta  system  unless  one 
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phase  of  the  whole  system  be  grounded,  and  this  is  very  un- 
desirable. 

3.  With  Regard  to  Operation:  With  the  neutral  grounded,  a 
wire  down  is  instantly  detected  and  power  must  be  immediately 
cut  off.  This  is  exceedingly  important  where  many  of  the  cir- 
cuits run  through  thickly  settled  districts.  Inasmuch  as  prac- 
tically all  otu"  important  loads  are  reached  by  two  lines  or  are 
on  a  loop,  service  is  not  more  than  momentarily  interrupted  by  a 
failtu'c  at  one  point. 

A  line  of  any  length  may  be  charged  at  full  voltage  without 
shifting  the  static  neutral.  It  is  impossible  to  close  all  phases 
of  a  circuit  at  exactly  the  same  instant.  In  a  delta  system  the 
first  phase  closed  will  increase  the  capacity  to  ground  of  that 
phase  of  the  system  and  thereby  draw  the  static  neutral  toward 
that  phase.  The  second  phase  acts  in  a  similar  manner  and  the 
static  neutral  does  not  return  to  the  center  of  the  delta  until  the 
three  phases  are  closed .  This  sudden  shifting  of  the  static  neutral 
is  the  cause  of  an  unnecessary  strain  on  the  insulation  of  the 
system.  We  know  of  failures  from  this  cause  on  delta-connected 
systems. 

Finally,  and  most  important  of  all,  is  the  fact  that  in  extensive 
high- voltage  delta-connected  systems  a  ground  is  often  followed 
by  a  disturbance  of  such  power  that  breakdowns  of  insulation 
at  other  points  take  place.  vSuch  a  disturbance  generally  re- 
sults in  serious  damage  to  apparatus  and  service.  The  cause  of 
this  type  of  disturbance  is  found  in  the  oscillatory  character  of 
the  arc  which  takes  ])lacc  from  a  delta-connected  system  to 
ground,  together  with  a  large  amount  of  current  which  will  flow  in 
such  an  arc  if  the  system  is  extensive.  In  the  event  of  a  ground 
on  a  delta-connected  system,  the  charging  current,  which  is  a 
function  of  the  voltag(»  from  wire  to  neutral,  will  be  increased 
because  the  neutral  is  shifted  from  the  center  of  the  delta  to  one 
(X)mer.  This  increase  will  he  about  73  per  cent.  The  current 
flowing  in  the  arc  to  ground  may  be  nearly  equal  to  the  increased 
charging  current,  and  this  on  our  60-kv.  system  would  amount  to 
about  400  amperes.  The  circuit  containing  the  arc,  line  re- 
actance and  ca])acity  from  line  to  ground  tends  to  oscillate. 
Such  an  oscillating  arc  is  ver\'  likely  to  set  u]j  disturbances  of 
high  i)o\v<.T,  especially  when  there  is  any  such  current  as  400 
amperes  involved.  We  have  seen  evidence  that  such  a  distur- 
bance may  cause  high  voltage  to  ground  on  the  \^^re  (m  which 
there  is  an  arcing  ground.  This  fact  would  j^robably  cause  the 
operation  of  an  arcing  ground  suppressor  to  be  very  unreliable. 
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Certain  districts  in  which  we  operate  occasionally  have  heavy 
fogs  which  are  carried  in  from  the  Pacific  Ocean  by  the  pre- 
vailing westerly  winds.  It  has  been  our  experience  in  these 
districts  that  lines  on  pin  insulators  have  given  better  service 
when  operated  grounded  Y  at  60  kv.  than  when  operated  delta- 
connected  for  a  much  lower  line  voltage.  It  seems  probable 
that  the  leakage  over  the  insulators  in  foggy  weather  was  suffi- 
cient to  set  up  oscillatory  disturbances  which  caused  more  trouble 
than  has  the  higher  but  more  stable  line  voltage. 

We  have  found  that  the  grounded  Y  system  is  entirely  free 
from  such  disturbances  as  these.  The  frequency  of  an  arc  to 
ground  is  that  of  the  system.  Any  damage  is  confined  entirely 
to  the  point  of  failure.  The  short-circuit  currents  have  not 
caused  any  damage  to  generator  or  transformer  windings.  Due 
to  the  distribution  of  the  sources  of  power,  any  given  point  on  the 
system  will  have  a  good  many  miles  of  line  between  it  and  several 
of  the  generating  plants.  Hence  it  is  doubtful  in  many  cases 
if  more  current  would  flow  in  a  short  circuit  to  ground  than  would 
flow  to  ground  if  the  system  were  delta-connected.  The  drop 
over  the  lines  from  the  more  remote  generating  plants  to  a  point 
at  which  a  ground  may  take  place,  serves  to  prevent  the  voltage 
at  points  removed  from  the  trouble  from  dropping  to  zero,  and 
therefore  the  service  is  not  seriously  interfered  with  except  in  the 
vicinity  of  the  trouble. . 

We  believe  that  the  operation  of  our  system  ^\'^th  the  neutral 
grounded  causes  less  disturbance  in  the  circuits  of  our  neighbors, 
the  telephone  and  telegraph  cojnpanies,  than  would  be-  the  case 
if  we  operated  delta-connected. 

Briefly,  the  induction  in  parallel  telephone  or  telegraph  cir- 
cuits is  caused  principally  by  any  unbalanced  currents  in  the 
phases  of  the  high-tension  circuits,  that  is,  currents  returning 
through  the  ground,  and  by  the  presence  of  voltage  to  ground  on 
the  line  conductors.  The  last  cause  is  by  far  the  most  important, 
because  the  unbalanced  currents  during  normal  operation  may  be 
kept  very  small,  while  the  voltage  to  ground  is  always  high.  A 
ground  on  the  grounded- Y  system  will  not  cause  much,  if  any, 
more  current  unbalanced  than  ^vill  a  ground  on  a  delta-con- 
nected system.  The  unbalanced  current  is  at  normal  frequency 
on  the  grounded-Y  system  instead  of  at  a  very  much  higher 
frequency  as  is  usual  on  the  delta-connected  system,  hence  the 
parallel  circuits  are  not  affected  so  unfavorably.  It  is  our  ex- 
perience that  even  a  considerable  amount  of  unbalanced  current  at 
the  normal  60-cycle  frequency  has  little  noticeable  effect  on 
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parallel  telephone  circuits.  The  unbalance  vn\\  be  immediately 
removed  from  the  jn"ounded-Y  system  in  all  cases,  whereas  a 
delta-connected  system  may  occasionally  be  operated  a  short,  time 
with  a  ground  before  a  final  shut-down  takes  place.  The  defi- 
nite limit  on  the  voltage  to  ground  is  of  very  great  advantage 
to  the  parallel  circuit. 

Conclusion 

The  operation  of  our  high-tension  netw^ork  with  the  grounded 
neutral  has  been  entirely  sat  isf  actor  v.  We  do  noi  believe  that 
we  could  give  as  good  service,  with  as  high  a  degree  of  safety  to 
the  public,  with  any  other  system. 
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Discussion  on  "  Influence  of  Transformer  Connections 
ON  Operation  "  (Blume),  "  A  Study  of  Some  Three- 
Phase  Systems''  (Fortescue),  and  ^'Experience  of  the 
Pacific  Gas  &  Electric  Co.  with  the  Grounded 
Neutral  ''  (Jollyman,  Downing  and  Baum),  Pittsfield, 
Mass.,  May  29, 1914. 

Guido  Semenza  (by  letter) :  Italy  is  one  of  the  countries  of 
Europe  which  has  largely  developed  the  electric  transmission  of 
power  from  hydroelectric  installations.  In  fact  there  are  in 
Italy,  the  area  of  which  is  about  double  that  of  the  State  of 
New  York,  more  than  2400  hydroelectric  power  houses,  nearly 
all  of  them  provided  with  transmission  and  distribution  lines. 

It  may  be  of  some  interest  to  you  to  know  the  general  opinion 
in  this  country  on  the  problem  under  discussion. 

The  writer  recently  questioned  the  engineers  of  several 
Italian  plants  in  order  to  have  their  opinion  :*  The  power  of  these 
plants  varies  from  a  few  thousand  kilowatts  to  40,000  kw., 
with  transmission  by  overhead  lines  at  voltages  varying  from 
6000  to  88,000  volts  and  by  underground  lines  up  to  25,000 
volts. 

First,  concerning  overhead  high-tension  transmission: 

a.  The  great  majority  of  the  systems  are  delta-connected, 
consequently  insulated  from  the  ground. 

b.  A  few  are  Y-connected  with  a  spark  gap  (horn-arrester) 
between  the  neutral  points  and  the  ground. 

c.  A  few  have  a  real  grounded  neutral  point  across  a  resistance 
of  some  kind. 

d.  Only  two  to  my  knowledge  have  the  neutral  point  grounded 
without  resistance,  (which  I  will  call  a  short  ground). 

Second.  Concerning  underground  high-tension  lines:  No 
system  of  this  kind  is  known  with  grounded  neutral,  either 
with  or  without  resistances. 

Third.  Concerning  low-tension  distributions:  All  sorts  of 
arrangements  are  to  be  found,  insulated  delta,  grounded  Y, 
four-wire  three-phase  with  grounded  neutral,  etc. 

It  must  be  noted  that  the  first  three-phase  transmission 
plants  constructed  in  Italy  were  planned  with  delta  insulated 
connection,  and  their  operation  having  proved  satisfactory  from 
the  beginning,  the  same  arrangement  has  been  generally  adopted 
all  over  the  country. 

Only  later,  in  some  installations  in  which  a  number  of  dis- 
turbances were  noticed,  as  a  trial,  the  neutral  was  grounded 
both  in  the  power  house  and  at  some  extreme  point  of  the  dis- 
tribution; in  some  cases  the  practise  proved  to  be  good,  as  some 
of  the  disturbances  were  eliminated,  while  in  other  instances 
the  remedy  had  a  contrary  effect. 

For  instance,  on  the  Subiaco-Roma  line,  where  current  is  gener- 
ated directly  by  alternators  at  33,000  volts,  the  maker  of  the  alter- 
nators imposed  a  groimded  neutral;  but  the  moment  an  insulator 
was  punctured  the  gradient  of  tension  was  so  steep  that  it  was 


774  TRANSFORMER  CONNECTIONS  [May  29 

dangerous  to  walk  about  in  the  power  house,  the  current  passing 
through  the  ground  not  being  always  sufficient  to  trip  the 
circuit-breaker. 

In  a  general  way,  very  serious  disturbances  were  caused  in 
telephone  and  telegraph  circuits. 

Among  the  large  systems,  only  that  of  the  Societa  Conti  per 
Imprese  Elettriche  has  a  short-grounded  neutral  of  50,(X)0- 
and  25,000- volt  overhead  lines.  This  is  one  of  the  systems  which 
is  improved  with  the  grounding;  but  a  long  period  of  disturbances 
on  telephone  lin^s  was  experienced.  At  last  it  was  found  that 
the  principal  cause  of  these  was  the  third  harmonic,  due  to  over- 
saturated  transformer. 

The  plant  of  the  Municipality  of  Milan  at  60,000  volts  has 
the  neutral  point  grounded  through  a  water  jet  discharger. 

The  operation  is  good,  but  on  both  these  systems  interruptions 
of  service  are  more  .frequent  when  compared  with  other  analo- 
gous plants  delta-connected. 

Nearly  all  the  other  large  systems  are  delta-connected,  thus 
insulated  from  the  grotmd.  I  recall  the  Milan  Edison  Company 
(15,000  volts),  the  Societa  del  Cellina  (30,000  volts),  the  Societa 
Adamello  (72,000  volts),  the  Societa  Meridonale  di  Elettricita 
(88,000  volts),  the  Societa  Dinamo  (50,000  volts),  the  Societa 
Imprese   Elettriche   Roma    (60,000   volts),   and  many   others. 

Being  personally  in  favor  of  the  insulated  delta  arrangement, 
I  will  summarize  here  the  reasons  which  are  generally  given  in 
favor  of  this  solution  in  my  country: 

1.  With  good  circuit-breakers,  a  ground  on  line  will  always 
result  in  an  interruption  of  the  line.  Although  keeping  a 
a  line  in  service,  with  a  grotmd  on  it,  is  not  very  frequent,  it 
has  sometimes  occurred  without  giving  any  trouble. 

2.  The  grounding  through  a  resistance  is  an  immediate  solution 
which  presents  the  disadvantages  of  both  insulated  and  grounded 
systems.  In  fact,  the  disadvantage  of  the  insulated  system  is 
said  to  be  that  full  delta  tension  is  put  on  an  insulator  when  a 
line  is  grounded;  but  the  resistance,  grounded  neutral,  w^hen  the 
accidental  ground  has  a  low  resistance,  so  that  the  current  is 
high,  can  give  such  a  drop  on  a  neutral  connection  that  the  ten- 
sion on  the  insulators  may  rise  quite  near  to  the  full  delta  value. 

3.  Ground  connection  is  never  a  sure  device.  Moreover,  a 
ground  is  effective  only  locally,  but  not  at  any  distance.  There- 
fore, only  one  ground  in  a  large  system  is  not  considered  suffi- 
cient. 

4.  Short-grounded  neutrals  are  apt  to  disturb  all  low-current 
circuits.     (Telegraph,  telephone,  signaling). 

5.  The  practise  in  Italy  is  to  over-instdate  lines.  It  is  con- 
sidered that  money  spent  in  using  larger  insulators  is  well  spent. 
So  the  advantage  of  groimded  neutral  in  cheapening  the  cost 
of  lines  is  not  of  great  value  here. 

6.  One  of  the  most  serious  disturbances  on  long-distance 
transmissions  is  the  traveling  surges  caused  by  atmospheric 
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influence.  It  is  not  yet  demonstrated  that  the  grounded 
neutral  has  any  beneficial  influence  on  the  accidents  caused  by 
such  disturbances. 

7.  It  is  said  that  a  neutral  grounded  prevents  the  accumula- 
tion of  static  charges.  In  many  Italian  systems  this  accumula- 
tion is  prevented  by  water  jet  dischargers,  acting  on  the  busbars 
or  on  the  line  wires. 

Concluding,  I  do  not  see  many  reasons  for  supporting  the 
grounding  of  a  neutral  point,  while  I  see  many  advantages  in 
not  doing  it.  I  am  persuaded  that  by  using  good  insulation  and 
good  terminal  protection,  the  insulated  system  affords  all 
conditions  for  good  and  regular  operation. 

F.  F.  Brand :  With  reference  to  one  of  the  points  Mr.  Semenza 
mentions,  that  is,  that  with  the  grounded  Y  connections,  serious 
disturbance  was  found  to  occur  in  telephone  and  telegraph  lines, 
I  would  state  that  this  disturbance  can  be  considered  to  be  due 
to  two  causes — one  is  current  and  one  is  voltage  interference. 
Current  interference  can  only  occur  where  the  current  flowing  in 
the  lines  is  in  the  same  direction  in  all  the  lines  at  the  same  in- 
stant, that  is  to  say,  there  must  be  a  current  returning  through 
the  earth.  In  order  to  get  a  return  current  through  the  earth, 
it  is  necessary  that  there  should  be  unbalanced  currents  in  the 
line,  or  a  triple-harmonic  current  flowing  through  the  earth. 

In  Europe  it  is  common  practise  to  use  Y-Y-connected  trans- 
formers. If  the  transformers  are  shell -type  construction,  there 
will  be  a  triple-harmonic  current  flowing  in  the  lines  and  a  triple- 
harmonic  return  current  flowing  through  the  neutral,  at  the  same 
instant,  but  if  these  machines  are  three-phase  core-type  there  will 
be  no  appreciable  flow  of  current  to  the  neutral,  due  to  the  fact 
that  there  is  practically  no  triple-harmonic  voltage  between  line 
and  neutral  in  the  core  type  transformer. 

With  reference  to  the  interference  with  telephone  lines,  and 
other  voltage  disturbance,  there  can  be  no  great  difference 
in  the  Y  and  delta  connections. 

W.  W.  Lewis:  There  are  in  North  America,  according  to  a 
statement  issued  recently  by  the  Electrical  World,  (issue  of 
April  25,  1914),  35  transmission  systems  operating  at  70,000 
volts  and  over,  and  in  the  remainder  of  the  world  19  such 
systems.  The  following  tabulation  shows  the  division  of  these 
systems  into  Y  and  delta: 

Not  Grounded 

Y  Delta  given  Total  neutral 

North  America 19  14  2  35  18 

Remainder  of 

the  world 10  6  W  19  6 

29  20  5  54  24 

From  the  above  it  will  be  seen  that  of  the  forty-nine  systems 
on  which  data  arc  given,  29,  or  about  60  per  cent,  are  Y  con- 
nected, and  24,  or  about  50  per  cent,  have  grounded  neutral. 
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In  North  America,  however,  practically  all  the  Y-connected 
systems  are  grounded,  and  about  55  per  cent  of  the  total  number 
of  systems. 

These  figures  show  a  remarkably  close  division  of  opinion 
among  operating  engineers  as  to  the  relative  merits  of  grounded 
Y  and  isolated  delta,  with  the  preponderance  slightly  in  favor 
of  the  groimded  Y  in  North  America,  at  least.  The  following 
tabulation  shows  the  number  of  systems  started  up  each  year, 
beginning  with  1901,  when  the  first  one  was  put  into  operation: 


Year 

Number 

1901 

1 

1906 

2 

1907 

1 

1908 

0 

1909 

3 

1910 

8 

1911 

5 

1912 

6 

1913 

7 

1914 

13 

1915 

5 

51 
Not  given  3 


54 


It  will  be  noted  that  only  four  of  these  systems  were  installed 
prior  to  1909.  Counting  the  years  1914  and  1915,  when  some 
of  the  systems  will  be  put  into  operation,  practically  the  total 
development  of  high-tension  transmission  has  taken  place  in 
about  seven  years.  It  is  small  wonder,  then,  that  opinion  should 
be  divided  as  to  the  best  method  of  connection,  and  that  prac- 
tical operating  men  are  solving  the  problem  by  the  method  of 
experiment,   which   is   after  all   the   only   conclusive   method. 

In  the  present  discussion  the  writer  has  selected  a  half-dozen 
typical  systems,  three  of  which  are  connected  isolated-delta 
and  three  grounded  Y,  and  \v\\\  briefly  discuss  certain  points  in 
their  operating  experience. 

First.    Great  Western  Power  Company.     (Isolated  Delta). 

This  system  is  the  only  one  of  im])ortancc  o]:)eratin^  isolated 
delta  in  the  State  of  California.  It  runs  from  Big  Bend  to 
Oakland,  and  is  about  154  miles  long.  At  no  point  is  the  altitude 
over  500  feet. 

The  operating  voltage  is  100,000  volts.  ()])erati()n  was  begun 
in  1909.  There  are  two  circuits  on  the  same  towers,  the  con- 
ductors being  arranged  vertically.  There  is  one  overhead  ground 
wire  at  the  middle  of  the  towers. 

Lightning  is  very  infrequent  (about  twice  a  year)    and  no 
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trouble  is  caused  by  it.  Short-circuits  and  arcing  grounds 
cause  some  trouble  (about  once  in  two  or  three  months) .  Arcing 
grounds  destroy  the  telepbone  communication,  break  down 
insulators,  and  frequently  bum  off  the  line  wire.  Short  circuits 
also  necessitate  shutting  down  the  system. 

At  Oakland,  the  Great  Western  system  is  connected  by  delta- 
delta  transformers  to  the  grounded-Y  system  of  the  Pacific 
Gas  &  Electric  Company.  Some  of  the  disturbances  originating 
on  the  latter  system,  no  doubt,  are  felt  on  the  former  system. 

Second,     Colorado  Power   Company,     (Isolated  Delta). 

This  system  consists  of  two  parts,  the  Shoshone-Denver  line, 
one  htmdred  and  fifty-three  miles  long,  and  the  Boulder-Denver 
line,  twenty-eight  miles  long.  The  two  lines  are  capable  of 
being  tied  together  at  the  Denver  substation.  The  operating 
voltage  is  100,000  volts.  The  system  has  been  in  operation 
since  1909.  The  transformers  at  all  points  are  delta-connected 
on  the  high  side,  except  at  Boulder,  where  they  are  isolated-Y. 
The  conductors  are  placed  horizontally.  There  is  one  ground 
wire  at  the  middle  of  the  towers. 

The  Shoshone-Denver  line  nms  over  some  of  the  roughest 
country  in  the  United  States,  and  at  one  place  reaches  an  altitude 
of  13,500  feet.  Lightning  is  severe  at  certain  times  of  the  year, 
and  wind  velocities  of  150  miles  per  hour  are  at  times  recorded. 

An  analysis  of  the  disturbances  of  this  system  in  1912  shows 
42  per  cent  due  to  wind,  30  per  cent  due  to  lightning,  and  the 
balance  due  to  construction  failures,  extraordinary  causes  and 
unknown  causes. 

The  greatest  part  of  the  trouble  is  due  to  short  circuits, 
caused  by  wires  swinging  together  during  wind  storms,  and  by 
arcing  grounds,  due  to  the  lines  swinging  against  the  towers  or 
ground  wire.  A  shut-down  usually  results  from  either  a  short 
circuit  or  an  arcing  ground. 

It  has  been  found  impossible  to  operate  the  long  Shoshone- 
Denver  line  with  one  conductor  dead  grounded,  due  to  the  in- 
crease in  corona  loss  and  charging  current. 

The  short  Boulder- Denver  line,  however,  has  been  operated 
for  hours  with  a  dead  ground  on  one  line. 

However,  a  ground  on  the  line,  either  arcing  or  dead,  interferes 
with  telephone  communication,  and  this  usually  necessitates  a 
shut-down. 

Third.     Au   Sable   Electric    Company.     (Isolated  Delta). 

The  main  line  of  this  system  operates  at  140,000  volts,  and 
extends  from  Au  Sable  to  Owosso,  in  eastern  Michigan,  a  dis- 
tance of  about  160  miles.  The  system  consists  of  a  single 
circuit,  the  conductors  being  arranged  two  on  one  side  and  one 
on  the  other  side  of  the  tower.  There  is  no  ground  wire.  Opera- 
tion was  begun  in  1912. 

The  lightning  is  very  severe.  The  country  is  open  and  the 
lines  are  much  exposed.  Practically  all  the  storms  which  cause 
interruption  of  service  occur  during  the  season  from  May  to 
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September.  Lightning  causes  simultaneous  arc-overs  from 
two  or  three  lines  to  ground  over  insulators  or  bushings,  thus 
resulting  in  phase  short  circuits. 

Fourth,     Sierra  &  San  Francisco  Power  Co.     {Grounded  Y): 

This  system  is  located  in  California,  in  much  the  same  kind 
of  territory  as  the  Great  Western  Power  Company  system. 
The  line  extends  from  Stanislaus  to  San  Francisco,  a  distance 
of  about*  135  miles.  The  operating  voltage  is  104,000,  the 
maximum  altitude  about  1000  feet.  Operation  was  begun  in 
1910.  The  system  consists  of  two  circuits  on  the  same  towers, 
conductors  arranged  vertically,  no  ground  wire.  The  two  lines 
are  connected  in  parallel  on  the  low- voltage  side.  The  neutrals 
on  both  ends  of  the  line  are  dead  grotmded. 

Short  circuits  by  leaky  insulators,  large  birds,  etc.,  occur  on 
an  average  of  about  once  a  month. 

Short  circuits  are  usually  taken  care  of  by  separating  the 
line^  on  the  low-voltage  side  and  cutting  out  the  affected  line. 
Grounds  rarely  develop  into  short  circuits  between  phases, 
but  the  line  wire  or  the  insulators  usually  bum  off.  There  is 
practically  no  lightning  trouble  on  this  system. 

Fifth.     Yadkin  River  Power  Co.     (Grounded  Y). 

This  system  is  situated  in  North  Carolina,  and  the  main  line 
runs  from  Blewett's  Falls  to  Method,  a  distance  of  about  90 
miles.     The  operating  voltage  is  about  100,000  volts. 

There  are  two  circuits  on  steel  towers,  the  conductors  in  a 
vertical  plane,  one  ground  wire  at  the  middle  of  the  towers. 
The  neutral  is  dead  grounded  at  the  generating  end  only. 

Lightning  is  extremely  severe  for  several  months  in  the  year. 
Operation  of  the  system  was  commenced  in  1912,  with  isolated 
neutral;  but  this  was  changed  after  about  a  year  to  grounded 
neutral. 

Grounds  and  short  circuits  are  frequent.  A  device  has  been 
used  to  reduce  trouble  from  short  circuits.  This  consists  of 
a  relay  in  the  neutral,  which,  when  operated  by  ground  current, 
throws  a  large  resistance  in  series  with  the  field  of  the  generator 
exciter,  thus  momentarily  reducing  the  voltage  and  allowing 
the  short  circuit  to  die  out. 

Sixth.  Pennsylvania  Water  &  Power  Co.  {Grounded  Y). 

This  system  is  grounded  through  a  resistance.  The  power 
is  generated  on  the  vSusquehanna  River,  in  southern  Pennsyl- 
vania, and  transmitted  at  70,000  volts  to  Baltimore,  a  distance 
of  about  40  miles.  There  are  two  sets  of  towers,  with  two  cir- 
cuits per  tower;  conductors  arranged  vertically;  one  ground 
wire  per  tower.     Operation  was  begun  in  1910. 

The  lightning  is  severe  in  this  district  and  short-circuits  due 
to  insulators  flashing  over  are  frequent.  Interruptions  have 
been  greatly  reduced  by  a  device  which  short-circuits  the  line 
at  the  station  through  a  fuse,  thus  allowing  the  arc  over  the 
insulator  to  become  extinguished.  This  device  is  supplemented 
by  another  consisting  of  series  line  relays,  which  act  on  the 
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generator  field,  opening  it  momentarily  and  then  closing  it, 
the  whole  action  taking  place  so  rapidly  that  synchronous 
apparatus  does  not  get  out  of  step.  With  the  assistance  of  these 
auxiliary  devices,  operation  is  said  to  be  Very  satisfactory. 

Conclusions.  It  will  be  seen  from  the  above  that  neither  the 
isolated-delta  nor  grounded  Y  systems  are  free  from  trouble. 

The  amount  of  trouble  is  governed  largely  by  location,  climate 
and  mechanical  details  of  line  construction. 

Two  arguments  which  are  frequently  used  in  favor  of  the 
isolated-delta  system  are  proved  in  practise  to  be  fallacious: 

First,  that  only  voltage  troubles  need  be  expected.  On  the 
Colorado  and  Au  Sable  systems  phase  short-circuits  are  numer- 
ous. 

Second.  That  a  delta  system  can  operate  continuously  in 
case  of  a  dead  ground  on  one  line.  This  is  only  true  for  very 
short  lines,  as  on  long  lines  the  charging  current — due  to  the 
increased  capacity  and  voltage — becomes  excessive,  likewise 
the  corona  loss.  The  telephone  system  is  also  invariably  dis- 
turbed, so  on  this  account  operation  usually  must  be  discon- 
tinued. 

On  the  other  hand,  the  short-circuit  troubles  on  the  grounded 
Y  system  are  very  severe,  and  some  auxiliary  short-circuiting 
and  field -destroying  devices  are  almost  essential  to  render  satis- 
factory operation. 

As  far  as  operation  is  concerned,  it  seems  that  both  systems 
have  their  advantages  and  defects,  and  that  in  selecting  a 
system,  the  location  and  climatic  conditions  should  be  carefully 
considered. 

V.  M.  Montsinger:  About  a  year  and  a  half  ago,  Dr. 
Steinmetz  and  Mr.  Faccioli  suggested  to  Mr.  Blume  and  my- 
self an  investigation  of  the  effect  of  electrostatic  capacity  and 
reactance  on  third  harmonics  in  Y  auto-transformers. 


O^fmvtor  Transformers 

Fic.  1  —Diagrammatic  Skktch  of  Generatok  and  Transfok.mers  for 
Making  Thikd-Harmonic  Voltage  Tests.  Arrows  Show  Direction 
OF  Triple-Frequency  Volts. 

Some  tests  were  made  on  small  transformers  connected  as 
shown  in  Fig.  1  to  determine  to  what  extent  the  triple  voltage 
was  increased  by  electrostatic  capacity  supplied  from  condensers 
connected  across  the  legs  of  the  secondary'  windings.  The 
transformers  were  excited  from  a  Y-connected  generator  of 
several  times  the  sum  of  the  capacities  of  the  transformers. 

A  rather  peculiar  phenomenon  was  found  to  take  place,  that 
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is,  when  the  condensers  were  connected,  the  triple  voltage,  at 
a  certain  value  of  the  core  density,  suddenly  rose,  almost  in 
a  straight  line,  to  a  value  slightly  over  200  per  cent  of  the  funda- 
mental; but  on  increasing  the  core  density,  the  triple  voltage 
decreased  almost  as  suddenly  to  approximately  its  normal  value, 
corresponding  to  that  particular  density  without  capacity. 
This  same  phenomenon  occurred  also  when  the  condensers  were 
placed  across  the  opening  in  the  delta. 

By  connecting  the  transformers  as  shown  in  Fig.  1,  we  were 
able  to  differentiate  the  triple  voltage  from  the  fundamental 
and  other  higher  harmonics,  not  multiples  of  the  third,  and  to 
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Fig.  2 — Curves  Showing  Triple-Frequency  W)lts  Observed  Across 
Open  Delta,  With  and  Without  Condensers  Connected  Across 
Delta  Legs 


determine  the  third  harmonics  in  per  cent  of  the  fundamental 
voltage. 

Fig.  2  shows  the  results  of  tests  recently  conducted  witli  three 
5-kv-a.  core-type  transformers  connected  with  and  without 
condensers,  and  excited  by  a  3  kw.  generator  as  shown  by  the 
sketch  in  the  upper  part  of  the  diagram. 

Fig.  3  shows  the  same  transformers  and  generator  connections. 
The  condensers  in  this  case,  however,  were  connected  in  an 
opening  in  one  comer  of  the  delta,  and  the  voltage  read  across 
the  condensers.  In  this  case,  as  will  be  seen  later,  the  con- 
densers draw  only  a  triple-frequency  current. 
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For  the  case  as  given  in  Fig.  2,  the  condensers  draw  a  com- 
plex current  which  is  composed  of  the  fundamental  and  of  the 
triple  frequency.  The  same  condition  would  be  true  if  the  con- 
densers were  connected  between  the  neutral  point  to  the  lines 
of  the  Y  on  the  excited  side  of  the  transformer,  which  case 
represents  the  conditions  existing  with  a  transmission  line  of 
an  isolated  system  connected  to  Y  auto-transformers  with  the 
neutral  point  grounded. 

The  indications  are  that  if  we  have  the  right  conditions  exist- 
ing, that  is,  if  the  electrostatic  capacity  of  a  transmission  line 
is  of  the  proper  value,  and  if  the  flux  density  of  the  transformers 
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Fig.  3 — Curves  Showing  Triple-Frequency  Volts  Observed  Across 
Open  Delta,  With  and  Without  Condensers  Connected 


is  at  the  point  to  allow  third-harmonic  intensification,  there 
may  be  severe  line  disturbances  which  would  cause  strains  on 
the  line  and  transformer  insulation. 

With  these  transformers,  excited  by  the  small  generator,  as 
shown  in  Figs.  2  and  3,  an  increase  or  a  decrease  in  the  electro- 
static capacity  gave  a  smaller  intensification,  or  peak  value,  of 
the  triple-frequency  volts,  while  with  the  larger  generator,  with 
practically  the  same  transformers,  the  indications  were  that 
with  a  larger  condenser  capacity,  the  peak  values  would  have 
been  still  larger,  but  on  account  of  the  condensers  being  of  low 
voltage,  and  arcing  over,  higher  values  could  not  be  recorded. 
However,  since  the  iron  in  transformers    is    generally    worked 
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The  results  of  tests  made  with  three  sin^de-phase  transformers 
operating  at  a  flux  density  of  97  kilolines  per  sq.  in.,  are  shown  in 
Fig.  7.  The  conditions  were  ])crfoctly  hahinced,  hut  the  disadvan- 
tages found  were :  first,  that  the  transformer  efficiency  was  com- 
paratively low;  second,  that  the  power  factor  was  very  poor,  and 
third,  that  there  was  practically  no  voltage  regulation  what- 
ever. The  maximum  efficiency  of  output  divided  by  input 
was  about  80  per  cent,  while  that  of  the  output  divided  by  the 
transformer  rating  was  only  about  17  per  cent.  The  maximum 
power  factor  was  about  0.27.  However,  Mr.  Taylor,  an  English 
engineer,*  proposes  a  means  of  improving  the  regulation  although 
the  efficiency  and  power  factor  are  still  low. 
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TRIPLE  FREQULNCY  CIRCULATiriG  CURREMT  IM  PERCENT 
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Fig.  7— Curves  Showing  Volt.vcjk  Rkculation  for  LEAniNci.  Lag- 
ging AND  Non-Ini)uctivk  Loads  Across  ()im:n  Dei/ia  of  Three 
5-Kv-A.  Single-Phase  V-DELTA-CoNNEcrEi)  TRAssFokMEKs.  Operating 
AT  A  Core  Density  of  97  Kii,olines 


The  following  illustrations  show  the  sliapes  of  the  current 
and  voltage  waves  at  different  points  on  these  curves. 

Fig.  8  was  taken  at  a  density  of  (k")  kilolines,  and  shows  the 
waves  of  the  voltage  across  the  opening  in  the  delta  and  across 
the  lines  of  the  Y  side.     No  condensers  were  connected. 

Fig.  9  shows  the  voltage  across  the  leg  of  the  delta  and 
across  the  opening  in  the  delta  with  condensers  across  the  delta 
legs.     Density  100  kilolines. 

Figs.  10  and  11  show  the  voltage  across  the  leg  of  the  delta 
and  amperes  in  the  exciting  lines.  Densities  110  and  140  kilolines. 

Fig.  12  shows  voltage  across  the  leg  of  the  delta  and  amperes 
in  exciting  lines.     Density  02  kilolines. 

Fig.  13  shows  voltage  across  the  ojXMiing  in  the  delta  and 
across  delta  leg.     Density  02  kilolines. 

(In  order  to  show  these  ])oints  of  intensified  triple  fre- 
quency, there  were  set  up  in  the  hall  the  three  5-kv-a.   trans- 

•See  London  Electrician,  May  8,  1914. 
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formers  and  the  3-kw.  generator  and  motor  used  in  obtaining 
.  these  curves.  It  was  arranged  that  the  shadow  of  the  needle 
of  the  voltmeter,  reading  the  volts  across  the  opening  in  the  delta, 
was  thrown  on  the  screen  as  it  moved.  The  variations  of  the 
triple-frequency  volts,  as  the  flux  density  was  increased  and  de- 
creased, were  shown:  first,  without  the  condensers;  second, 
with  the  condensers  across  the  delta  legs,  and  third,  with  the 
condensers  across  the  opening  in  the  delta). 

CM.  Davis:  Does  the  maximum  point  shift  up  or  down  as 
the  different  capacities  are  placed  across  the  opening  in  the  delta? 

V.  M.  Montsinger:  This  is  the  maximum  point  that  I  could 
obtain  with  this  apparatus.  If  I  added  more  condensers,  the 
point  would  be  lower  and  if  I  added  less  condensers,  it  would 
be  still  lower. 

C.  M.  Davis:  Does  resonance,  or  something  like  that,  affect 
it? 

V.  M.  Montsinger:  I  do  not  think  that  it  is  a  case  of  res- 
onance. 

C.  M.  Davis:  If  it  were  resonance,  you  would  get  that  high 
peak  occurring  at  different  flux  densities,  would  you  not? 

V.  M.  Montsinger:  In  some  cases  it  does  begin  to  rise  again 
if  we  go  to  a  still  higher  density,  but  in  this  case,  it  does  not 
rise  again;  but  with  the  larger  generator,  it  does. 

C.  M.  Davis:  My  point  is  that  if  it  is  a  case  of  resonance, 
inserting  a  different  capacity  across  the  opening  of  the  delta 
would  cause  the  maximum  peak  to  occur  at  different  flux  den- 
sities. For  instance,  instead  of  the  maximum  peak  occurring 
at  about  60  kilolines,  with  another  condenser,  it  might  occur 
at  40  kilolines  and  with  still  another  condenser,  it  might  occur 
at  70  kilolines. 

V.  M.  Montsinger:  As  pointed  out  before,  and  as  was  shown 
in  Figs.  3  and  4,  it  occurs  at  different  fltix  densities  for  different 
capacities  across  the  opening  in  the  delta;  the  greater  the  ca- 
pacity, the  lower  the  density  at  which  the  maximtun  peak  takes 
place. 

L.  F.  Blume :  The  particular  density  at  which  the  peak  will  oc- 
cur depends  on  the  electrostatic  capacity,  and  the  condition  of 
saturation  of  the  iron.  If  more  capacity  had  been  inserted, 
the  peak  would  have  occurred  at  a  lower  density.  The  reason 
the  amount  of  intensification  increases  as  the  density  increases, 
is  the  fact  that  the  iron  is  operated  at  a  higher  degree  of  satura- 
tion, making  the  third-harmonic  charging  current  less  effective 
in  increasing  the  third-harmonic  voltage.  I  think  that  the 
phenomenon  is  not  one  of  resonance,  because  a  critical  value 
of  electrostatic  capacity  and  reactance  is  not  required  to  obtain 
the  result.  It  is  more  analogous  to  the  rise  in  voltage  which 
takes  place  in  a  generator  when  delivering  a  leading  wattless 
load.  The  third  harmonic  can  be  considered  as  being  generated 
in  the  windings  of  the  transformer  on  account  of  the  variable 
permeability  of  the  iron,  which,  when  connected  to  a  leading 
wattless  load,  is  increased  thereby. 
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H.  S.  Osborne:  Several  references  have  been  made  to  the 
inductive  interference  caused  in  telephone  circuits  by  the 
operation  of  parallel  high-tension  power  circuits.  In  the  paper 
by  Messrs.  JoUyman,  Downing  and  Baum,  the  view  is  expressed 
that  their  grounded  star-connected  system  causes  less  distur- 
bance in  telephone  circuits  than  it  would  if  connected  in  any 
other  way.  It  should  be  noted  that  this  remark  is  evidently 
given  as  a  statement  of  personal  opinion  and  not  as  a  conclusion 
which  has  been  established. 

Much  trouble  has  been  caused  in  telephone  circuits  by  power 
circuits^  both  of  the  grounded  star  and  of  the  delta-connected 
type.  There  are  all  over  the  country,  particularly  in  the  State 
of  California,  many  telephone  toll  circuits,  the  serviceability  of 
which  is  in  large  measure  destroyed  because  of  inductive  inter- 
ference from  high-tension  lines  with  grounded  neutrals,  under  nor- 
mal operating  conditions.  At  times  of  abnormal  conditions  on 
power  circuits,  parallel  telephone  toll  lines  or  telegraph  lines 
are  put  out  of  service  by  the  operation  or  the  destruction  of  the 
protective  apparatus,  and  sometimes  by  the  destruction  also 
of  cables  or  of  central  office  apparatus.  It  is  doubtful  whether 
a  sufficient  number  of  comparative  observations  have  been  made 
of  the  distiu*bance  from  delta-connected  and  from  grounded  star- 
connected  power  systems  under  conditions  which  arc  otherwise 
the  same,  to  make  possible  a  final  conclusion  regarding  the  rela- 
tive severity  of  the  electric  disturbances  from  these  two  types  of 
power  circuit  when  both  are  so  constructed  and  operated  as  to 
minimize  the  interference.  Taking  into  consideration,  however, 
the  character  of  the  disturbances,  the  experience  of  the  telephone 
companies  throughout  the  country  would  not  incline  thcni  to 
support  the  authors'  view,  but  rather  the  contrary  conclusion. 

An  attempt  has  been  made  to  compare  the  inherent  features 
of  delta  and  grounded-star  connections  in  so  far  as  their  inductive 
effects  are  concerned .  In  comparing  the  relative  inductive  effects 
from  different  systems,  it  should  be  remembered  that  if  the 
systems  were  perfectly  balanced,  that  is,  if  the  vector  sum  of 
the  voltages  between  the  line  wires  and  ground  were  zero,  and 
current  in  the  ground  were  zero,  the  inductive  effects  from 
different  three-phase  systems  would  be  similar.  In  consider- 
ing the  different  systems,  the  comparison  should,  therefore,  be 
made  of  the  unbalanced  components  of  voltage  and  ciurent. 
A  delta-star-connected  system  with  the  neutral  point  non- 
grounded  would  have  an  electrical  balance  similar  to  that  of 
a  delta-delta-connected  non-grounded  system.  The  comparison 
has,  therefore,  been  made  between  the  relative  inductive  ef- 
fects due  to  the  unbalances  which  occur  in  the  delta-delta  sys- 
tem and  the  delta-star  system  with  grounded  neutral. 

This  comparison  is  summarized  in  a  table  which  is  given 
below  as  a  part  of  the  record  of  this  discussion.  In  brief,  the 
comparison  indicates  that   under  abnormal   conditions,   either 
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the  delta-delta  or  the  delta-star  grounded  system  will  make 
entirely  inoperative  telephone  circuits  which  are  severely  ex- 
posed to  them.  The  relative  magnitude  of  the  inductive  ef- 
fects under  these  circumstances  depends  largely  on  conditions. 
Under  conditions  of  normal  operation  with  balanced  loads, 
the  unbalances  in  the  delta  system  may  be  reduced  to  a  mini- 
mum. The  unbalances  in  the  grounded  system  may  be  re- 
stricted to  the  third  -harmonic  and  its  multiples,  and  these  may 
be  of  relatively  small  magnitude.  With  unbalanced  loads,  the 
inductive  balance  of  the  delta  system  remains  good,  but  the 
inductive  effects  from  the  grounded  system  become  severe. 

In  view  of  this  analysis  and  of  the  experience  of  the  telephone 
companies,  the  presumption  seems  to  be  against  the  grounded 
system.  It  is  believed,  however,  that  no  one  is  at  present  in 
a  position  to  make  an  authoritative  statement  regarding  the 
relative  inductive  effects  inherent  in  grounded  and  non-grounded 
systems.  As  far  as  I  am  aware  no  thorough  study  has  been  made 
of  the  relative  possibilities  of  reducing  interference  from  these 
two  types  of  systems.  Unless  adequate  measures  are  taken 
to  minimize  the  inductive  effects,  the  disturbances  from  systems 
of  either  type  may  be  very  damaging,  as  the  telephone  companies 
can  abundantly  testify. 

With  the  rapid  increase  in  the  networks  both  of  telephone 
and  high-tension  power  circuits,  it  is  becoming  increasingly 
difficult  to  keep  the  two  classes  of  circuits  adequately  separated. 
It  is,  therefore,  becoming  more  and  more  important  that  power 
circuits  be  constructed  and  operated  in  such  a  way  as  to  mini- 
mize the  disturbances  which  they  cause  in  parallel  telephone 
and  telegraph  circuits.  If  it  should  be  found  on  thorough 
investigation  that  the  inductive  effects  from  grounded  and  non- 
grounded  systems  are  substantially  different  in  amount  when 
each  is  provided  with  all  the  precautionary  measures  which 
are  practicable  and  reasonable,  then  this  consideration  should 
be  given  its  full  weight  in  determining  which  type  of  trans- 
former connection  should  be  employed. 


Comparison  of  Delta-Delta  and  Delta-Star  Grounded  Connections 

FOR  Three-phase  Power  Transmission  Circuits  from  the  Point  of 

View  of  Inductive  Interference  in  Parallel  Telephone  and 

Telegraph  Circuits. 


Delta- Delta 

(a)    Normal    Condition   of  Power 
Circuit. 

Balanced  Loads : 

If  line  is  well  insulated,  the 
voltages  to  ground  are  deter- 
mined by  the  capacities  between 
the  ground  and  the  line  wires 
throughout  their  entire  length 
and    the   capacities   of   all   other 


Delta-Star  Grounded 

(a)   Normal    Condition    of  Power 
Circuit. 

Balanced  Loads : 

Voltages  to  ground  balanced  to 
somewhat  higher  degree  than 
transformer  windings. 

No  fundamentalcurrent  through 
neutral.  Third  harmonic  mag- 
netizing current  and  its  multiples 
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lines  in  direct  metallic  connection 
to  the  line  under  consideration. 
Voltages  to  ground  will  be  bal- 
anced provided  entire  system  is 
so  transposed  as  to  equalize  ca- 
pacities between  line  wires  and 
ground,  and  provided  system  is 
without  leaks. 

Under  these  conditions  no  cur- 
rent will  flow  in  the  ground  except 
a  very  small  charging  current  be- 
tween adjacent  transposed  sec- 
tions. 


Unbalanced  Loads: 

Voltage  unbalance  to  ground  is 
caused  by  differences  in  imped- 
ance drop  in  the  different  phases. 
This  effect  small. 

Currents  in  ground  limited  to 
unbalanced    charging    current. 
This  effect  small. 


(b)  Abnormal  Condition  of  Oper- 
ation. 

One  Wire  Open : 

Makes  power  system  inopera- 
tive. Causes  severely  unbalanced 
voltages  and  severe  interference 
in  telephone  circuits. 


One  Wire  Grounded. 

Not  always  discovered  by  pow- 
er company.  Voltages  unbalanc- 
ed throughout  entire  system  with 
correspondingly  severe  disturb- 
ances in  telephone  systems.  There 
is  a  danger  of  high-frequency 
oscillations  due  to  an  arcing 
ground,  although  there  is  no  re- 
cord of  trouble  experienced  by 
the  telephone  companies  which 
has  been  definitely  traced  to  this 
specific  cause.  In  a  great  many 
cases  the  voltage  unbalance  with 
one  wire  grounded  without  the 
occurrence  of  an  arc  is  of  itself 
sufficient  to  render  parallel  tele- 
phone circuits  inoperative. 


circulate  in  delta  windings.  A 
sufficient  amount  flows  through 
neutral  connection  and  ground  to 
provide  e.m.f.  for  circulating 
currents.  Currents  flowing  in 
ground  may  therefore  be  small 
but  may  cause  disturbance  in  tele- 
phone circuits  because  of  exquisite 
sensitiveness  of  telephone  appara- 
tus to  currents  of  frequencies  of 
the  third  and  higher  harmonics 
of  60-cycle  systems.  These  har- 
monics are  not  essential  to  the 
operation  of  the  power  system, 
and  means  can  possibly  be  found 
to  prevent  their  flow  through 
ground. 

Unbalanced  Loads. 

Voltage  unbalance  to  ground  is 
caused  by  differences  in  imped- 
ance drop  in  the  different  phases. 
This  effect  is  small. 

Current  unbalance  equivalent 
to  difference  in  load  currents 
flows  through  neutral  and  ground. 
A  small  current  causes  relatively 
very  severe  inductive  effects  be- 
cause locus  of  current  in  ground 
is  far  below  surface  and  because 
current  contains  harmonics  in 
addition  to  fundamental. 

(b)  Abnormal  Condition  of  Opera- 
tion. 

One  Wire  Open: 

Not  always  immediately  dis- 
covered by  power  company. 
The  total  load  current  carried  by 
the  two  conductors  which  remain 
in  service  returns  through  ground. 
Disturbances  in  telephone  cir- 
cuits very  severe. 

One  Wire  Grounded: 

Makes  power  system  inopera- 
tive. Heavy  current  flowing 
through  fault  supplied  from  many 
lines  in  an  inter-connected  sys- 
tem gives  very  severe  and  wide- 
spread disturbances  in  parallel 
telephone  circuits 
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F.  E.  Haskell:  Is  the  inductive  disturbance  chiefly  electro- 
static or  electromagnetic;  that  is,  to  what  extent  will  each  kind 
occur? 

H.  S.  Osborne:  The  question  is  asked  whether  inductive 
disturbance  is  chiefly  electrostatic  or  electromagnetic.  The 
relative  importance  of  these  two  effects  depends  very  largely 
indeed  on  the  conditions  of  individual  cases.  Note  should  be 
made,  however,  of  a  marked  difference  in  the  ease  with  which 
the  zone  of  serious  electrostatic  and  electromagnetic  effects  can 
be  limited. 

The  presence  near  the  power  wires  of  conducting  or  partially 
conducting  bodies,  such  as  overhead  grounded  wires  or  the  earth, 
is  much  more  effective  in  restricting  the  electrostatic  field  than 
in  limiting  the  electromagnetic  field.  This  difference  arises 
partly  from  the  fact  that  relatively  small  charging  currents 
are  sufficient  to  largely  influence  the  electrostatic  field  and 
relatively  large  circulating  currents  are  necessary  to  considerably 
limit  the  electromagnetic  field.  Unbalanced  current  from  the 
power  circuit  flowing  in  the  ground  does  not  behave  as  though 
the  ground  were  a  perfect  conductor,  but  distributes  itself  very 
widely  and  causes  correspondingly  widespread  inductive  ef- 
fects. Generally,  telephone  and  telegraph  circuits  have  not 
been  subjected  to  severe  electrostatic  disturbances,  provided 
they  are  more  than  200  or  300  ft.  away  from  the  disturbing 
circuit.  Severe  electromagnetic  disturbances  have,  however, 
been  experienced  at  considerably  greater  distances  from  the 
power  circuits.  An  extreme  case  of  electromagnetic  induction 
is  represented  by  the  New  Haven  Railroad,  which  caused  serious 
electromagnetic  induction  in  telephone  circuits  about  five  miles 
from  the  disturbing  circuits. 

C.  O.  Mailloux:  There  is  one  point  the  speaker  might  have 
emphasized.  The  effects  from  electrostatic  action  are  due  to  the 
combined  effects  of  the  line,  whereas  the  electromagnetic  ef- 
fects are  due  to  current  passing  through  the  line.  That  was 
clearly  shown  in  the  case  of  the  very  high  potential  transmission 
system  in  Michigan,  a  system  employing  over  140,000  volts, 
where  the  electrostatic  induction  in  a  telephone  line  situated 
at  considerable  distance  from  the  power  line  was  quite  marked. 
That  is  clear  from  the  fact  that  we  know  that  electrostatic  in- 
duction depends  upon  the  potential  of  the  line,  whereas  electro- 
magnetic induction  depends  upon  the  magnetic  field,  which  is 
itself  a  function  of  the  current  flowing  through  the  line.  The 
matter  is  of  great  interest,  and  I  hope  there  will  be  discussion 
on  it. 

E.  E.  F.  Creighton:  In  regard  to  the  relative  value  of  elec- 
trostatic and  electromagnetic  induction  effects,  it  seems  to  me 
the  electromagnetic  effect  from  power  circuits  is  and  always 
will  be  a  greater  menace  to  telephone  lines  and  any  other  parallel 
lines.  The  electrostatic  can  be  takeh  care  of  in  many  ways 
that  are  practicable,  but  the  electromagnetic  seems  to  use  such 
a  depth  of  the  earth,  and  forms  such  a  large  loop  in  conjunction 
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with  the  telephone  line,  that  it  makes  it  impossible  to  screen  i   itrii 
in  any  way. 

Some  tests  were  made  some  time  ago  where  the  distance 
between  the  lines  was  30  feet — they  were  on  opposite  sides  o 
the  roadway.   The  power  line  was  grotinded  at  the  further  em 
and  the  current  was  returned  through  the  earth  where  the 
were  salt  marshes  and  consequently  where  one  would  expec^ 
the  current  to  flow  through  the  highly  conducting 
The  values  of  induction  between  these  two  circuits  were  measurec 
and  from  these  measurements  calctdations  were  made  of  the 
equivalent   loop   of   the   primary   and   secondary,   considerinj 
them  simply  as  a  transformer  with  one  timi  on  the  priniar>— -"^ 
and  one  on  the  secondary.     The  equivalent  loop  gave  a  deptl 
to  the  center  of  the  current  in  the  earth  of  260  feet  below  thi 
surface,  consequently,  although  the  wires  were  only  30  U 
above  the  siuface,  one  must  consider  the  equivalent  retuii   m 
circuit  as  at  a  great  depth,  and  the  possibility  of  screening  th« 
electromagnetic  induction  between  these  large  loops  of  circuit 
seems  almost  hopeless. 

John  B.  Taylor:     It  is  a  source  of  considerable  gratificatiorr 
to  me  to  see  the  trend  of  these  papers  on  the  matter  of  trans  - 
former  connections  Y  versus  delta,  because,  while  I  am  no" 
prepared   to  say   I   always  favor  the  Y   connection,    I  ha^ 
had  occasion  in  past  years  to  recommend  Y  connections  wheM=-i 
I  fotmd  myself  in  a  minority.     Just  now  it  looks  as  though  th^^ 
pendulum  is  swinging  the  other  way,  and  it  may  be  well  to  pti_    "t 
in  a  word  of  caution  lest  the  pendulum  swing  too  far. 

This  question  of  Y  and  delta  connection  is  not  ever  to  b  c 
settled  by  argument,  or  ever  to  be  finally  settled,  because  hot  "^ 
arrangements  have  advantages,  and  the  conditions  vmder  whic  ~h 
they  are  used  have  been  and  will  be  variable,  so  that  for  a  give-  n 
system  the  advantages  might  lie  with  one  connection  or  tl  ^e 
other,  in  the  future  the  same  as  they  have  in  the   past. 

I  would  like  to  sav  that  there  is  alwavs  a  lot  of  confusion 
discussing  this  point,  which  confusion  has  not  been  altogeth* 
absent  in  this  discussion  this  morning;  in  other  words,  Y  co- 
nection    does    not    inherently    mean    grotmded    neutral.    Yczizsu 
can  keep  just  as  clear  from  the  grounded  neutral  with  the       Y 
connection  as  you  can  with  delta  connection,  so  if  you  pre£^^r 
to  build  your  transformers  with  one  or  both  parts  connected 
in  star,  because  of  safe  requirements,  do  not  let  the  bugalxiw 
of  the  currents  in  the  earth  keep  you  from  doing  it.     There  mar 
be  an  advantage  in  tying  to  the  earth  at  one  or  more  poirLt^, 
but  if  it  seem  desirable  to  keep  clear  of  the  earth,    that  need 
not  be    the   controlling   factor  in   the  connection  of  the  trans- 
former.    This  point  always  seems  to  be  in  evidence  in  a  discus- 
sion of  this  subject  and   accounts  for  much  of  the  discussion 
being  altogether  at  cross  purposes. 

Mr.  Blume  draws  some  conclusions  in  his  paper,  and  I  an' 
able  to  agree  with  all  of  these  except  the  seventh,  in  which  he 
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tys,  "it  is  necessary  to  solidly  groirnd  the  neutrals  at  both 
Jceiving  and  generating  ends  of  transmission  lines/*  In  my 
>imon  the  word  *'both"  is  open  to  exception.  In  general, 
le  objections  which  may  arise  from  grounding  the  neutral 
suit  from  groimding  at  more  than  one  point.  Many  of  the 
Ivantages  of  the  grounded  neutral  are  perfectly  well  seciu'ed 
ith  the  single  ground,  and  many  of  the  disadvantages  are 
lereby  avoided.  Speaking  in  very  general  terms,  I  am 
dined,  with  extra  high- voltage  work,  to  favor  Y  connections 
Ith  the  neutral  grounded  at  one  point  only,  and  that  is  at  the 
inerating  station.  The  case  of  the  Pacific  Gas  &  Electric 
3xnpany  is  pecxdiar  in  that  it  has  an  extensive  network,  and 
.ere  is  no  one  generating  station  as  the  logical  point  for 
ounding. 

Mr.  Fortescue  refers  to  the  possibilities  of  taking  full  advan- 
ce in  saving  insulation  material  with  the  Y  connection.  The 
Guisformer  designed  with  the  minimum  amount  of  material  to 
►  on  a  Y-connected  system,  with  grounded  neutral,  might  have 
'actically  no  insulation  at  one  end  and  full  line  insulation  at 
te  other  end  of  the  winding.  With  this  form  of  construction  it 
ould  not  be  possible  to  make  the  usual  factory  test  of  two  or 
ore  times  high  potential  for  a  minute.  Some  means  might  be 
ivised  to  satisfy  the  customer  that  the  transformer  is  all  right 
spite  of  its  inability  to  stand  the  customar\'  high   potential 

St. 

As  to  the  paper  dealing  with  the  Pacific  Gas  &  Electric  Com- 
iny  system,  Mr.  Osborne  has  covered  the  principal  points  re- 
ting  to  telegraph  and  telephone  matters  which  I  intended  to 
ake,  and  I  can  pass  in  the  interest  of  saving  time. 
The  contribution  of  Mr.  Semenza  refers  to  the  Societe  Conti 
ansmission  as  causing  telephone  and  telegraph  troubles, 
happen  to  be  familiar  with  that  particular  case,  and  there, 
;ain,  the  trouble  is  due  to  grounding  at  more  than  one  point, 
ituming  a  considerable  current  of  triple  frequency  through  the 
irth,  with  accompanying  induction  in  neighboring  telegraph 
id  telephone  lines.  Earth  currents  should  be  avoided  in  lay- 
ig  out  a-c.  systems. 

Mr.  Lewis  has  given  an  interesting  summary  of  the  connec- 
ons  in  different  plants  in  this  country  and  other  parts  of  the 
orld.  This  table  probably  represents  the  opinions  of 
lanufacturing  engineers,  quite  as  much  as  the  opinions  of  the 
perating  company  engineers.  That  this  table  shows  the  Y  con- 
ections  to  be  on  the  increase  is  worthy  of  notice. 
The  series  of  curves  and  the  demonstrations  Mr.  Montsinger 
as  made  are  an  interesting  example  of  what  we  may  sometimes 
o  with  waste  products.  By-products  sometimes  come  to  be  of 
lore  value  than  the  original  article  of  manufacture.  The  abil- 
y  to  obtain  triple  frequency  from  static  transformers  is,  just  at 
le  present  time,  little  more   than   an  interesting   plaything, 
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and  its  value  will  probably  be  worked  out  in  the  laboratory  rather 
than  in  the  commercial  field.     The  objection  to  the  low  power 
factor  and  limited  output  relative  to  the  size  and  cost  of  the 
apparatus,   would    seem   to    work   against   this  being  a  satis- 
factory scheme  of  power  transmission,    though   it  is  certainly 
a  great    convenience    if  you  have   three-phase   GO-cycle    cur- 
rent at  hand  to  connect  three  static  transformers,  push  up  the 
density  and  obtain  a  limited  supply  of  current  at  180  cycles. 
Some  years  ago  I  amused  myself  by  operating  an  arc  lamp  at 
180  cycles,  which,  on  60  cycles,  flickered  objectionably.     There ' 
are  possibilities  that  a  25-cycle  system  might  use  a  limited  sup- 
ply at  75  cycles,   where  the   25-cycle  flicker  is  objectionable. 
These  appear  interesting  and  special  applications  rather  than 
possibilities  of  power  transmission. 

In  England  a  Mr.  Taylor  has  been  advocating  this  frequency 
change,  and  I  believe  seriously  proposed  the  use  of  it  on  25- 
cycle  railroads.  As  this  would  involve  three-phase  generators 
at  8i  cycles,  the  costs  and  difficulties  of  obtaining  25  cycles 
in  this  case  would  appear  to  be  much  greater  than  the  diffi- 
culties now  holding  for  direct  generation  at  25  cycles,  single- 
phase. 

F.  C.  Green:  For  convenience  in  the  discussion  of  this 
subject,  the  transmission  system  is  divided  into  two  parts: 
the  transmission  line,  including  high-tension  switches  and  light- 
ning arresters;  the  transformers  connected  to  the  line.  Two 
classes  of  troubles  are  experienced  with  the  transmission  system ; 
one  affects  the  line  and  the  other  affects  the  transformers. 
High  phase -voltages  cause  flash-overs  of  insulators,  damaging 
the  line;  frequently  burning  off  the  wires  and  breaking  the 
insulators.  On  the  other  hand,  practically  no  troubles  have  been 
experienced  with  transformers  on  account  of  high  phase-voltage. 
In  almost  every  instance  the  trouble  has  been  due  to  high 
frequency  produced  by  disturbances  in  the  line.  This  division 
into  two  parts  seems  to  be  a  natural  one. 

There  are  many  points  of  minor  importance  to  the  main 
subject,  and  I  agree  with  Mr.  Taylor  that  a  great  deal  of  the  work 
done  on  the  papers  and  a  great  deal  of  the  discussion  has  been 
spent  on  these  minor  phases,  such  as  the  triple  frequency  and  its 
effects.  So  far  as  abnormal  voltages  are  concerned,  or  danger- 
ously heavy  currents,  the  triple  frequency  does  not  need  any 
further  study  because,  as  was  pointed  out  yesterday,  these 
effects  can  be  entirely  eliminated  by  a  number  of  methods. 
If,  however,  for  any  reason  it  should  be  desirable  to  use  a  system 
of  connections  which  would  involve  triple-frequency  effects, 
they  can  be  eliminated  as  pointed  out  by  Mr.  Fortescue,  in 
either  interconnecting  the  phase  windings,  or  in  the  interlinka-ge 
of  the  flux,  as  in  the  three-phase,  core  type  transformer.  But, 
so  far  as  can  be  seen,  there  is  no  reason  for  using  such  a  system 
of  connections,  because  the  grounded  Y-delta  system  eliminates 
all  of  these  objectionable  effects. 
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Another  minor  point  that  is  brought  out  in  the  papers  bears 
upon  electromagnetic  stresses.  That  is  a  question  which 
manufacturers  particularly,  and  in  a  limited  sense,  operators, 
have  been  very  seriously  interested  in.  But  when  we  study  into 
the  situation,  we  find  that  troubles  resulting  from  electromagnetic 
stresses  have  been  confined  to  those  systems  which  have  as  their 
basis  large  turbine-driven  generators  feeding  into  underground 
distributing  systems,  and  in  a  lesser  extent,  to  small  transformers 
taking  power  from  large  capacity  substations.  In  these  in- 
stallations, troubles  have  been  experienced  from  electromagnetic 
stresses,  but  in  overhead  transmission  systems  no  troubles  of 
consequence  have  been  experienced.  That  is,  the  volume  of 
these  troubles  is  so  small  as  to  make  them  negligible  in  overhead 
transmission  systems. 

The  one  point  that,  it  has  seemed  to  me,  has  the  greatest  bear- 
ing upon  the  whole  question,  has  not  been  treated  at  all  in  any 
of  the  papers.  Perhaps  we  may  say  that  a  very  good  foundation 
has  been  laid  in  the  papers  for  building  up  a  discussion  on 
this  vital  point,  but  all  of  the  papers  are  devoted  to  normal 
frequency  effects.  The  grounded  Y-delta  is  clearly  shown 
to  give  much  lower  phase-voltage  stresses  than  the  delta-delta 
under  abnormal  system  conditions. 

With  the  isolated  delta,  in  case  of  arcing  from  line  to  ground, 
observation  convinces  me  that  not  only  phase  stresses  are 
much  greater,  but  also  high-frequency  stresses  which  cause 
transformers  to  break  down  between  coils.  In  this  particular 
feature  lies  the  most  vital  part  of  the  question.  With  the  neutral 
grovmded,  arcing  from  line  to  ground  is  more  steady  than  arcing 
in  the  isolated  delta  system.  With  the  grounded  neutral,  there 
is  a  dynamic  voltage  across  the  arc,  while  with  the  isolated  delta, 
the  voltage  from  line  to  ground  practically  disappears  upon  the 
establishment  of  the  arc.  Under  this  condition,  the  making  and 
breaking  of  the  arc  occurs  more  frequently.  Since  high  frequency 
occurs  only  at  instants  of  making  and  breaking  and  not  during 
existence  of  arc,  it  is  evident  that  the  system  of  connections  re- 
sulting in  fewer  makings  and  breakings  of  the  arc,  is  the  safer. 

In  one  of  the  papers  the  point  is  made  that  for  systems  of 
33,000  volts  and  below,  the  isolated  delta  system  is  more  desirable 
because  it  is  more  flexible.  If  it  is  true  that  under  arcing  from 
line  to  ground  in  the  isolated  delta  system,  there  are  more  repe- 
titions of  high-frequency  strains,  the  argument  advanced  in 
favor  of  the  isolated  delta  system  for  33,000  volts  and  below,  does 
not  hold,  for  the  reason  that  an  arcing  ground  in  a  system  of 
33,000  volts  or  lower  would  have  the  same  tendency  to  produce 
high  frequency  and  to  cause  the  transformer  to  break  down. 

It  is  understood  in  this  discussion  that  only  the  high-tension 
side  of  the  transformers  is  connected  in  Y,  and  that  the  neutral 
of  the  Y  is  solidly  grounded.  Various  other  Y  connections  that 
have  been  enumerated  are  practically  eliminated  without  dis- 
cussion. 
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The  possible  use  of  two  transformers  in  the  delta  system  is 
advanced  as  an  argument  in  favor  of  that  system.  Two  trans- 
formers may  be  used  with  the  grotmded  Y  system,  but  not  to 
the  same  extent  as  two  transformers  with  the  delta  system;  so 
that,  even  in  this  respect,  the  advantage  is  based  upon  degree 
rather  than  upon  the  nature  of  the  system.  The  point  has 
already  been  made  of  the  great  advantage  in  lowering  the  cost 
of  transformers  by  having  them  designed  for  the  grounded  Y 
connection. 

Another  vital  point  in  considering  these  two  systems  is  the 
fact  that  with  the  grounded  Y  the  location  of  a  fault  in  the 
system  is  easy.  Those  who  are  familiar  with  the  operation 
of  plants  know  the  importance  of  being  able  to  locate  troubles 
easily. 

Mention  has  been  made  of  the  advantage  in  the  delta  system 
that  one  line  wire  can  be  grounded  and  the  system  continue  in 
operation.  I  believe  it  is  generally  agreed  that  this  applies  only 
to  short  systems,  or  systems  of  low  voltage. 

P.  M.  Lincoln:  This  question  of  grounded  neutral  versus 
an  ungrounded  neutral  is  one  which,  I  have  always  maintained, 
it  is  impossible  for  any  man  to  sit  down  with  a  pad  of  paper  and 
slide  riUe  and  figure  out  which  way  it  should  go.  I  think  that 
this  question  is  one  of  those  which  must  be  settled  by  experience, 
whfch  must  be  settled  by  the  man  in  the  field,  and  for  that  reason 
I  am  very  glad  to  read  the  paper  by  Messrs.  JoUyman,  Downing 
and  Baum.  I  believe  that  the  testimony  of  these  gentlemen, 
operating  men  as  they  are,  is  of  much  more  value  and  can  be 
given  greater  credence  than  the  testimony  of  those  who  simply 
sit  down  and  look  at  this  thing  from  the  standpoint  of  the  de- 
signing engineer.  I  think  that  it  is  a  question  which  must  be 
settled  by  practise  rather  than  by  the  designer. 

D.  W.  Roper:  Mr.  Fortescue  in  his  paper  makes  a  statement 
as  follows:  **  In  four-wire  three-phase  systems,  where  the  e.m.f. 
is  stepped  up  through  the  delta-star  transformers,  and  three- 
phase  power  is  supplied  through  star-delta  step-down  transform- 
ers, the  latter,  if  their  neutral  is  connected  to  the  neutral, 
serve  as  balancers  for  loads  taken  off  between  neutral  wires  and 
lines."  That  statement  is  quite  correct,  but  it  gives  a  very 
bad  operating  condition.  It  is  much  easier  to  obtain  balanced 
voltage  in  other  ways,  by  regulators  on  the  individual  ])hase 
wires,  if  regulation  of  voltage  is  desired. 

Further,  if  you  have  a  three-wire  transfonner  bank  of  that 
kind  with  a  transformer  neutral  connected  to  the  system  neutral, 
the  blowing  of  the  fuse  on  one  of  the  tranvsformers  does  not  in- 
terruot  the  customer's  service,  and  is  likely  to  result  in  a  bum-out 
of  the  other  two  transformers  due  to  their  overloading. 

In  Chicago  both  methods  of  operation  have  been  tried.  The 
scheme  of  grounding  the  transfonner  neutral  to  the  system 
neutral  was  tried  at  first,  but  there  were  so  many  cases  of  trouble 
of  that  kind  that  the  scheme  was  abandoned  and  the  practise 
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is  now  universal,  of  connecting  the  three  transformers  for  a 
power  customer  in  star  but  leaving  tlie  neutral  of  the  transformers 
entirely  free  from  the  neutral  of  the  system. 

One  of  the  papers  makes  some  reference  to  arcing  grounds  on 
a  grounded  neutral  system,  stating  that  they  are,  perhaps,  not 
impossible,  but  are  very  rare.  The  system  in  Chicago,  a  four- 
wire,  three-phase  system  with  grounded  neutral,  has  had  a 
number  of  cases  where  an  arcing  ground  has  occurred  and  caused 
some  disturbance.  None  of  these  have  been  very  serious,  but 
it  is  desired  to  call  attention  to  the  fact  that  such  combinations 
were  quite  possible.  An  example  may  illustrate  the  point. 
A  circuit  operating  normally,  suddenly  had  the  switch  opened 
automatically  in  the  station.  It  was  tried  several  times,  in 
succession,  and  each  time  it  again  opened  automatically.  A 
few  minutes  later  we  heard  that  an  auto  truck  ran  into  and  broke 
down  a  pole  and  that  the  primary  wires  had  fallen  down  into 
the  street.  Trouble  men  were  sent  to  this  location  to  clear  up 
the  local  trouble  and  the  circuit  switch  was  again  tried  and 
again  opened  automatically.  Further  examination  disclosed  the 
fact  that  a  lightning  arrester  had  broken  down  some  distance 
away,  say  half  a  mile,  from  the  scene  of  the  place  where  the  wires 
were  down,  and  this  lightning  arrester  trouble  was  undoubtedly 
caused  by  the  high-frequency  and  high-potential  disturbance 
due  to  the  wires  being  down  in  the  street  at  the  first  location. 

F.  W.  Peek,  Jr.:  I  wotdd  like  to  call  attention  to  a  point 
which,  it- seems  to  me,  is  a  most  important  one,  and  which  has 
been  overlooked  in  this  whole  discussion.  I  do  not  believe 
that  the  success  of  the  transmission  of  energy  electrically  de- 
pends on  whether  the  transformers  are  either  Y  or  delta  con- 
nected. We  have  actual  practical  demonstration  of  successful 
transmission  with  both  systems.  Troubles  do  not  generally 
originate  due  to  the  energy  of  the  transmission  system,  but  to 
energy  external  to  the  system  impressed  somewhere  on  the 
transmission  line.  In  most  cases  the  transmission  lines  are 
very  long  and  there  is  probably  not  a  lightning  arrester  within 
many  miles  of  where  the  trouble  starts.  Insulators  arc  over. 
The  energy  of  the  system  then  enters,  and  adds  to  the  trouble, 
as  over- voltage  or  over-current,  or  both.  Damage  to  apparatus 
may  be  due  to  lightning  directly,  or  to  the  transient  voltages 
or  short-circuit  current  of  the  system  energy  following  the 
lightning  discharge. 

Laying  aside,  for  the  moment,  the  relative  merits  of  one  sys- 
tem or  the  other,  the  most  important  point  in  transmission,  and 
the  one  that  I  wish  to  emphasize,  is  the  insulation  of  the  trans- 
mission line.  The  transmission  line  should  be  instdated  just 
as  well  as  is  economically  possible,  in  order  not  to  make  light- 
ning arresters  of  the  insulators.  When  instdators  arc  over, 
the  result  is  a  short  circuit  or  an  **arcing  ground."  The  arc  is 
not  under  control.  The  line  instdation  shotdd  be  such  that 
the  lightning  arrester  has  a  chance  to  discharge.     The  arc  is 
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then  under  control  and  is  suppressed  before  appreciable  damage 
results. 

There  are  many  inconsistencies  in  the  way  in  which  trans- 
mission lines  are  insulated.  I  will  take  an  actual  line  as  an 
example.  In  a  certain  part  of  the  country  where  the  lightning 
is  very  severe  there  are  two  independent  lines  along  the  same 
right  of  way.  One  line  is  operated  at  22,000  volts,  and  this 
has  two  suspension  instdator  disks  in  series,  or  operates  at 
11,000  volts  per  disk  in  terms  of  line  voltage.  The  other  line 
is  a  100,000-volt  line  and  has  five  disks,  or  20,000  volts  per 
disk  in  terms  of  line  voltage.  According  to  the  general  method 
of  reasoning,  the  factor  of  safety  of  the  low-voltage  line  is  twice 
that  of  the  high-voltage  line  (assuming  good  insulators) .  This  is  so 
in  terms  of  the  normal  60-cycle  voltage,  but  it  is  not  the  normal 
voltage  which  starts  the  trouble.  It  is  lightning.  The  arc-over 
voltages  of  the  instdators  on  these  lines  are  probably  160  kv.  and 
320  kv.  respectively,  while  the  puncture  voltages  are  about  35  per 
cent  higher.  There  was  great  surprise  that  all  the  trouble  was  on 
the  low-tension  22,000-volt  line,  although  it  had  a  higher  ^'factor 
of  safety.''  Transient  voltages  induced  on  these  lines  by  light- 
ning probably  range  from  200,000  to  400,000  volts,  with  occa- 
sional voltages  above  the  maximum  of  the  range,  and  the 
majority  below  the  minimum.  Both  lines  are  subjected  to  the 
same  lightning  voltage.  The  low-voltage  line  has  practically 
no  factor  of  safety  in  terms  of  the  lightning  voltage,  as  this 
abnormal  voltage  is  often  above  200  kv.  The  puncture  voltage 
(about  420  kv.)  of  the  higher -voltage  line,  except  in  rare  instances, 
is  greater  than  the  lightning  voltage  generally  induced  upon 
the  line.  The  factor  of  safety,  as  ordinarily  expressed,  has 
very  little  bearing  as  an  indication  of  probable  failure.  In  the 
case  cited  the  ^'factor  of  safety"  was  seven  on  the  low-voltage 
line  and  three  on  the  high- voltage  line.  Either  line  would  have 
operated  equally  well  in  a  country  free  from  lightning,  as  in 
California.  The  ' 'factor  of  safety"  should  be  much  higher  for 
low-voltage  lines  than  for  high-voltage  lines  when  such  lines 
are  subjected  to  lightning.  Of  course,  it  is  important  to  de- 
termine how  far  the  insulation  shall  be  carried  out  and  what 
the  factor  of  safety  shall  be.  I  have  noticed  in  certain  sections 
of  the  country,  where  lightning  troubles  are  very  severe,  that 
when  more  than  four  or  five  disks  are  used  in  series  there  is  very 
little  trouble  from  lightning.  Where  a  smaller  number  of 
disks  are  used  the  troubles  are  greater.  Of  course  this  also 
applies  to  pin  type  insulators,  the  number  of  disks  merely  in- 
dicating the  value  of  the  insulation.  Line  troubles  decrease 
as  the  insulation  is  increased  because  the  insulation  breakdown 
voltage  approaches  or  becomes  greater  than  the  induced  liglit- 
ning  voltage.  Arcing  takes  place  over  the  arrester  where  it 
may  be  suppressed.  Great  damage  is  done  by  arcing  follow- 
ing a  lightning  stroke. 

The  effect  of  the  initial  lightning  stroke  will  be  practically 
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the  same  with  either  delta  or  Y  connection.  The  after  effects 
due  to  arcing,  etc.,  will,  however,  be  different.  In  selecting 
insulators  the  mechanical  side  shoiild  not  be  lost  sight  of.  In- 
sulators may  pass  electrical  tests  very  well,  but  develop  small 
cracks  when  put  in  service,  due  to  poor  mechanical  design. 
Failure  occurs  due  to  ordinary  line  surges.  It  is  often,  then, 
Assumed  that  high  voltages  exist  when,  in  reality,  the  insulators 
have  become  bad. 

Great  caution  is  necessary  in  making  a  diagnosis  of  a  failure 
in  apparatus,  as  transformers.  Failures  have  often  been  attri- 
buted to  over-voltage  which  were  really  due  to  the  mechanical 
strains  of  over-current.  Such  failures  may  take  place  at  the 
first  slight  over-voltage  because  the  insulation  has  first  been 
damaged  mechanically  by  over-current.  Mistakes  in  the 
opposite  direction  are  also  easily  made. 

It  is  not  my  intention  to  go  far  into  the  relative  merits  of 
either  system.  Either  system  may  be  a  success  with  proper 
line  insulation  and  proper  operation  and  inspection.  The 
choice  depends  a  great  deal  upon  whether  there  are  a  number 
of  power  houses  and  a  network,  or  only  one  power  house,  whether 
reliability  of  service  is  the  all-important  factor  and  can  be 
paid  for,  etc.  This  is  especially  so  at  low  and  moderate  voltages, 
where  the  delta  system  is  most  often  desirable  on  account  of  its 
greater  flexibility  and  reliability.  At  very  high  voltages  and 
with  very  long  lines  the  advantages  of  the  delta  are  lost  somewhat 
and  the  grounded  Y  may  be  used.  For  instance,  under  these  condi- 
tions the  charging  current  and  corona  current  with  one  line  ground- 
ed may  approach  short-circuit  ciurent.  An  accidental  ground 
&n  such  an  isolated  delta  system  may  thus  cause  large  current  to 
flow.  This  large  leading  current  flowing  through  a  reactance 
will  cause  abnormal  voltage.  The  cost  of  the  apparatus  may 
have  a  bearing  in  favor  of  the  grounded  Y  at  very  high  voltages. 

When  comparisons  are  made  of  different  systems  in  different 
parts  of  the  country,  to  determine  the  relative  advantages  of 
delta  or  grounded  Y,  ^*shut-down'*  data  should  always  be  given, 
otherwise  comparisons  are  almost  valueless.  A  statement  of 
satisfactory  operation  is  not  sufficient,  as  the  term  has  decid- 
edly not  always  the  same  meaning. 

J.  R.  Werth:  I  should  like  to  have  Mr.  Fortescue  in  sum- 
ming up  his  paper,  advise  us  in  regard  to  his  tabulation  where 
he  says  ''Y  grounded  direct  or  through  resistance. '*  I  should 
like  to  know  whether  he  has  any  data  indicating  whether  any  of 
these  systems  are  grounded  through  a  reactance ;  in  other  words, 
has  the  reference  to  the  reactance  been  omitted  because  none 
of  these  systems  was  operated,  or  has  it  been  omitted  simply 
because  he  considered  it  not  pertinent  to  the  discussion? 

Louis  F.  Blume:  In  reply  to  Mr.  Taylor's  objections  to  the 
complete  association  of  the  delta-Y  connection  with  the  grounded 
system,  I  believe  that  this  has  been  inadvertently  done  through 
the  emphasis  on  the  discussion  of  grounded  vs.  isolated  systems. 
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Obviously  a  grounded  system  must  be  delta-Y  and  a  delta — -•- 
delta  system  must  be  operated  ungrounded.  From  this  havc-_^»  e 
arisen  two  questions: 

1.  Grounded  systems  vs.  isolated  systems. 

2.  In  isolated  systems  the  delta-delta  connection  vs.   delta -i- 

Y  connection. 

As  by  far  the  larger  number  of  delta-Y    installations    ar< 
operating  with  grounded  neutral,  and  also  as  the  first  of  th 
above   questions  possesses  the   greater  importance,   the 
delta-Y  has  come  to  denote  a  groimded  system. 

Mr.  Taylor  objects  also  to  my  conclusion  that  "If  it  is 
to  limit  the  value  of  potential  at  fundamental  frequencies  abov 
groimd  of  any  part  of  the  system  to  57  per  cent  of  line  potential 
it  is  necessary  to  solidly  ground  the  neutrals  at  both  receivin 
and   generating   ends   of  transmission   line."     I   am   perfectl 
willing  to  remove  the  word   '*both"  in  the  above  statement 
provided  it  is  applied  only  to  transmission  lines  in  which  th' 
kv-a.  capacity  of  the  step-down  transformer  groups  is  practi 
cally  equal  to  the  kilovolt-amperes  capacity  of  the   step-u 
transformer  groups,  but  if  the  step-down  units  are  small  com 
pared  with  the  size  of  the  step-up  units,  and  particularly  if  th 
step-down  units  are  scattered  over  considerable  territory,  whic 


is  the  case  when  a  generating  system  is  supplying  power  by 
means  of  a  large  number  of  feeders,  it  will  be  necessary 
solidly  ground  the  neutrals  at  both  ends  if  potential 
at  fundamental  frequencies  are  to  be  limited  to  57  per  cent  of 
line  voltage. 

Mr.  Semenza  and  Mr.  Osborne  have  both  spoken  of  th( 
effect  on  the  operation  of  telegraph  and  telephone  lines  ol 
operating  systems  with  neutral  grounded.  Under  normal  con-— 
ditions  of  operation  there  is  no  difference  between  a  delta-Y 
grounded  system  and  an  isolated  delta  system  as  far  as  th( 
effect  on  telephone  and  telegraph  lines  is  concerned,  unless  th< 
grounded  system  carries  an  unbalanced  load  between  line  anc 
ground.  The  latter  case  constitutes  a  four- wire  system  in  whicl 
telephone  troubles  are  caused  by  unbalanced  loads.  Obviously^  ^^-^^^ 
troubles  from  this  cause  shotdd  not  be  given  as  an  objection  tocii^  -o 
the  operation  of  transmission  lines  with  grounded  neutral,  but:^  -^^ 
should  be  considered  only  as  a  valid  objection  to  the  loading^^*  -^ 
of  three-phase  systems  from  line  to  groimd. 

Telephone   and   telegraph   interference  resulting  from  third^ —  ^' 
harmonic  current  flowing  in  the  ground  under  certain  conditions'^  ^ 
of  transformer  operation  shotdd  not  be  considered  an  objection 
to  the  grounded  Y  system,  because,  as  Mr.  F.  C.  Green  has 
pointed  out,  in  all  properly  designed  transformer  connections, 
such  troubles  are  entirely  eliminated. 

Mr.  Peek  has  raised  a  number  of  interesting  questions,  an( 
intimates  that  there  can  be  potential  disturbances  on  ground< 
systems,   and   also   current   disturbances  on   isolated   systems. 
Undoubtedlv  this  is  true,  and  it  is  to  be  regretted  that  more 
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lefinite  information  concerning  this  feature  has  not  been  pre- 
ented. 

In  general,  I  agree  with  the  various  members  who  have  said 
hat  the  papers  as  presented  do  not  completely  cover  the  question 
Lnder  discussion.  There  are  a  number  of  troubles  which  occur 
»n  transmission  lines  which  have  a  very  vital  bearing  upon  the 
[uestion,  and  which  have  only  been  casually  mentioned.  On 
his  accotmt  it  is  very  difficult  for  us  at  the  present  time  to  form 
,ny  definite  conclusions  as  to  the  relative  superiority  of  either 
ystem. 

C.  L.  Fortescue:  In  closing  the  discussion  on  my  paper,  it 
eexns  necessary  only  to  sum  up  what  has  been  said  by  previous 
peakers,  since  most  of  the  questions  asked  by  certain  speakers 
lave  been  answered  by  others. 

However,  I  will  first  touch  on  the  papers  by  some  of  the 
ither  authors,  which  deal  with  questions  treated  in  my  paper. 
In  the  paper  by  Messrs.  Sorensen  and  Newton,  which  was 
•ead  yesterday,  tests  were  made  on  Y  and  delta  connections, 
md  some  very  radical  conclusions  were  drawn.  I  may  state  that 
!  have  gone  over  these  tables  carefully,  and  find  no  basis  for 
;hese  conclusions .  I  notice  that  many  necessary  data  are  missing. 
rhere  is  no  information  as  to  the  primary  voltage  and  the 
«condary  voltage  of  the  transformers,  the  type  of  generator, 
low  it  was  driven,  and  we  do  not  know  whether  the  iron  in  the 
;ransformers  was  saturated  or  at  normal  induction,  in  other 
vords,  we  have  nothing  in  this  paper  to  enable  us  to  draw  our 
)wn  conclusions. 

The  authors'  conclusions  are,  I  might  say,  somewhat  dog- 
natic.     In  one  paragraph  this  statement  is  made: 

"When  transformers  were  made  in  small  sizes  only,  particu- 
arly  if  they  were  shell  type,  there  was  some  advantage  in  hav- 
ng  the  windings  connected  Y  for  the  high-tension  side  of  the 
>ank,  as  this  allowed  a  smaller  number  of  coils  and  less  instda- 
;ion,  because  the  normal  strain  was  57.7  per  cent  of  that  of  delta- 
xmnected  transformers.  The  increase  in  size  of  units  and  the 
provision  for  maximum  strain  where  one  line  becomes  grounded 
lave  made  these  economic  advantages  obsolescent,  except  in 
.ome  very  special  cases  of  small,  high- voltage  units.  Hence, 
rom  the  point  of  design  and  manufacture,  there  is  no  advan- 
a^  for  either  Y  or  delta  construction/' 

This  is  puzzling.  I  feel  that  I  cannot  agree  with  this  state- 
nent.  I  think,  now  that  we  are  getting  higher  voltages,  even 
Juch  a  little  difference  as  a  normal  potential  stress  of  57.7  per 
«nt  of  line  voltage  as  against  87  per  cent,  becomes  of  more  and 
nore  importance. 

There  is  one  point  in  Mr.  Blume^s  paper  that  I  wotdd  like  to 
»11  attention  to,  namely  the  question  of  operating  delta  banks 
n  multiple  with  open  delta  banks.  Mr.  Blume  says  that  when 
wo  or  more  delta  banks  are  operated  with  an  open  delta  bank, 
he  total  capacity  is  somewhat  lower,  but  that  by  inserting 
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reactance  in  series  with  the  remaining  phase  the  capacity  would 
be  considerably  increased.  The  better  way  of  operating  such 
banks  in  multiple  would  be  to  insert  reactance  coils  equal  to 
the  effective  reactance  of  one  transformer  in  the  apex  of  each 
of  the  open  delta  banks.  This  produces  in  an  open  delta  the 
same  effect  as  a  balanced  delta  connection.  The  banks  will 
then  divide  the  load  as  if  all  the  systems  were  balanced.  By 
inserting  the  proper  impedance  in  each  line  of  the  remaining 
banks  the  delta-connected  banks  may  be  operated  at  full  capac- 
ity without  overloading  the  open-delta-connected  banks. 

In  regard  to  the  discussion  on  my  paper,  Mr.  Taylor  has 
pointed  out  that  there  is  some  confusion  as  to  the  manner  of 
operating  delta-delta  and  delta-star-connected  banks  of  trans- 
formers. There  seems  to  be  an  impression  in  the  minds  of  a 
great  many  of  the  people  who  have  discussed  this  matter  that 
delta-star-connected  banks  necessitate  grounded  neutral.  I 
want  to  emphasize  what  Mr.  Taylor  has  already  said,  namely, 
that  the  delta-star  can  be  operated  just  as  well  without  the 
grounded  neutral,  and  it  also  has  some  other  decided  advan- 
tages which  have  been  sufficiently  dealt  with  in  my  paper.  The 
points  which  Mr.  Green  intimated  had  not  been  touched  on 
are  also  referred  to  in  the  paper. 

The  characteristics  of  the  transmission  lines  and  local  con- 
ditions, as  Mr.  Peek  has  brought  out,  are  the  predominating 
influences,  so  that  in  some  cases  in  the  delta  connection  the 
troubles  are  current  troubles  as  against  the  usual  voltage  troubles, 
and  in  some  cases  in  the  Y  connection  the  troubles  are  voltage 
troubles  as  against  current  troubles. 

In  connection  with  telephone  troubles  in  grounded  systems, 
the  delta-star  step-up  transformer  almost  entirely  eliminates  the 
third  harmonic.  It  does  not  eliminate  it  entirely,  because  of  the 
drop  through  the  effective  primary  impedance,  due  to  the 
magnetizing  current,  which  has  harmonics  of  the  third  group. 
This  produces  a  small  third -harmonic  pulsation  in  the  neutral, 
which  may  have  an  amplitude  of  the  order  of  ^  per  cent,  or  less, 
of  the  line  voltage,  but  is  not  of  sufficient  magnitude  usually  to 
produce  telephone  troubles. 

I  think,  as  Mr.  Blume  has  pointed  out,  that  the  telephone 
troubles  in  star  systems  have  been  due  largely  to  Y-Y-con- 
nected  systems  in  which  the  neutral  of  the  Y  is  connected 
with  the  neutral  of  the  generator.  The  generator  nearly  always 
has  a  triple-harmonic  component  in  the  voltage  between  neutral 
and  line,  which  is  transformed  in  the  secondary,  and  the  charging 
current  to  ground  due  to  this  component  even  when  small  may 
be  extremely  large,  as  has  been  pointed  out  in  the  discussion, 
and  cause  telephone  troubles.  Also  it  is  a  very  common  practise, 
at  least  in  the  West,  in  sparsely  populated  districts,  to  load 
between  one  wire  and  ground,  which  is  also  very  bad  practise 
as  far  as  telephone  circuits  are  concerned. 

To  sum  up,  it  seems  that  sufficient  regard  has  not  been  paid 
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to  the  advantages  of  the  delta-Y  system  ungrounded  as  against 
the  delta-delta  system.  It  has  decided  advantages,  which 
should  be  given  consideration.  In  fact,  the  higher  the  voltage, 
the  greater  are  the  resulting  advantages.  In  my  paper  I  have 
stated  that,  if  the  voltage  is  above  44,000,  generally  speaking, 
the  star  connection  grounded  or  ungrounded  has  the  advantage. 

There  was  a  question  asked  as  to  the  use  of  reactance  in  series 
with  the  neutral  to  limit  the  short-circuit  current.  I  havfc 
no  data  as  to  whether  any  of  these  systems  mentioned  use 
reactances  or  not.  About  seven  or  eight  years  ago,  a  system 
came  under  my  observation  in  which  the  neutral  point  of  a 
star-connected  auto-transformer  was  to  be  groimded.  The 
neutral  point  was  first  of  all  solidly  grounded,  which  resulted 
in  considerable  disturbance  in  neighboring  telephone  circuits. 
Grounding  through  reactance  was  next  tried  and  much  to  the 
siirprise  of  the  experimenters  the  disturbance  was  increased; 
the  more  reactance  they  put  in,  the  more  charging  current  they 
obtained.  I  rather  think  that  a  reactance  is  not  the  proper 
thing  through  which  to  groimd  the  neutral  point. 

I  think  Mr.  Roper  made  the  statement  that  it  was  inadvisable 
to  connect  the  neutral  point  of  star-delta  step-down  transformers 
to  the  neutral  wire  in  the  four-wire  system.  Generally,  the 
four-wire  system  is  operated  from  the  generator,  and  since  a 
triple  harmonic  is  usually  present  between  the  neutral  wire  and 
the  lines,  if  the  neutrals  of  generator  and  transformer  bank 
are  connected  through  this  wire  a  third  harmonic  will  circulate, 
which  is  a  bad  feature.  **  In  four-wire  three-phase  systems, 
where  the  e.m.f.  is  stepped  up  through  delta-star  transformers 
and  three-phase  power  is  supplied  through  star-delta  step-down 
transformers,  the  latter,  if  their  neutral  be  connected  to  the  neu- 
tral wirci  serve  as  balancers  for  loads  taken  off  between  neutral 
wires  and  lines.''  The  delta-star  bank  of  step-up  transformers 
eliminates  the  third  harmonic,  and  permits  the  breaker  to  open 
when  there  is  a  ground  or  short  circuit  on    the  customer's  line. 

Max  H.  Collbohm  (by  letter) :  The  papers  presented,  discuss- 
ing the  relative  merits  of  grounded  and  ungrounded  transmission 
systems,  seem  to  be  quite  generally  in  favor  of  the  grounded 
system,  both  from  the  standpoint  of  safety  to  equipment  and 
convenience  of  operation.  The  writer's  experience  with  a 
number  of  grounded  and  ungrounded  transmission  systems  has 
prompted  him  likewise  to  give  preference  to  the  grounded 
system,  provided  certain  precautions  are  taken  to  guard  against 
service  interruptions  in  case  of  an  accidental  ground  on  the  line 
which  ordinarily  would  cause  a  short  circuit  on  one  phase  and 
open  the  line  switch. 

In  a  recent  article*  the  writer  discussed  a  scheme  for  protecting 
a  grounded  system  against  service  interruption,  which  consists 
of  a  metallic  grounding  rheostat  between  the  transformer  neutral 

•"Service  Continuity  in  Grounded  Transmission  Systems."  Max  H. 
Collbohm,  Electrical  World,  April  18,  1914. 
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and  ground  for  reducing  the  current  through  the  ground,  and 
a  special  instantaneous  circuit-opening  relay  inserted  in  the 
tripping  circuit  of.  the  line  switches  and  energized  from  the 
secondary  of  a  current  transformer,  the  primary  of  which  is 
connected  in  the  lead  from  the  grounding  rheostat  to  ground. 
Through  this  arrangement  an  automatic  opening  of  the  line 
switches  by  an  accidental  ground  on  the  line  is  prevented,  as 
the  special  circuit-opening  relay  energized  by  the  ground  current 
opens  the  tripping  circuit  of  the  line  switches  before  the  inverse- 
time  overload  relays  of  the  line  switches  have  closed  their  con- 
tacts. An  ammeter,  alarm  bell  and  signal  lamp  inform  the  at- 
tendant of  the  existence  and  severity  of  the  ground  and  permit 
him  to  isolate  the  line  in  trouble  without  service  interruption. 

The  article  mentioned  gives  a  description  of  other  protective 
features  as  well,  and  records  also  the  actual  operating  results  ob- 
tained diuing  the  lightning  season  of  1913  in  the  system  of  the 
Peninsular  Power  Co.,  Iron  Mountain,  Mich.  (66,000  volts,  40 
miles)  which  had  been  equipped  with  the  protective  equipment 
described  in  said  article.  As  will  be  noted,  the  system  went 
through  nineteen  lightning  storms  of  more  or  less  severity  with 
only  four  seconds  of  interruption  due  to  lightning,  or  practically 
none  at  all.  It  is  a  significant  fact  that  not  even  a  single  in- 
sulator became  damaged  by  lightning  in  spite  of  a  large  number 
of  accidental  grounds  over  them,  which  fact  is  evidently  due  to 
the  installation  of  upper  and  lower  arcing  rods  on  each  string  of 
insulators. 

These  results  seem  to  indicate  that  practically  absolute  con- 
tinuity of  service  can  be  maintained  in  a  grounded  system,  if 
properly  equipped,  with  perfect  safety  to  the  equipment  and 
convenience  of  operation. 


PresenUd  at  ths  296th  Mteting  of  the  Ameri- 
can Institute  of  Electrical  Engineers,  Pittsfield, 
Mass.,  May  29,  1914. 

Copyright  1914.     By  A.  I.  E.  E. 


RELATIVE  MERITS  OF  Y  AND  DELTA  CONNECTION 

FOR  ALTERNATORS 


BY    T.    S.    EDEN 


Abstract  of  Paper 


The  main  advantages  obtained  with  the  Y  connection  are  as 
follows: 

(1)  It  is  possible  to  bring  out  a  lead  from  the  neutral  point  of 
the  winding,  which  is  useful  for  various  purposes. 

(2)  The  cost  is  less  than  with  the  delta  connection,  requiring 
approximately  58  per  cent  of  the  turns. 

(3)  It  is  not  possible  for  circulating  currents  of  triple  frequency 
to  flow  in  the  windings. 

The  delta  connection  does  not  appear  to  have  any  advantages 
except  as  a  convenience  in  design  for  certain  voltages.  When 
used,  proper  precautions  must  be  exercised  in  the  design  to  elim- 
inate excessive  circulating  currents.. 


THE  FLEXIBILITY  in  design  of  three-phase  machines, 
as  compared  with  two-phase,  lies  in  the  possibility  of  using 
either  the  Y  or  delta  connection. 

It  might  be  expected  that  either  connection  would  be  used 
indiscriminately,  depending  on  which  worked  out  best  for  the 
case  in  hand.  • 

However,  it  is  probably  safe  to  say  that  over  ninety  per  cent 
of  the  three-phase  generators  built  are  Y-connected. 

The  other  cases  are  those  in  which,  due  to  limitations  in  design 
as  regards  specified  output,  voltage,  etc.,  the  delta  connection 
permits  the  use  of  standard  frames  and  tools,  thus  avoiding 
development.  A  few  cases  will  also  arise  where  customer's 
specifications  call  for  the  delta  connection. 

Some  of  the  advantages  of  the  Y  connection  are  as  follows : 

(1)  The  possibility  of  bringing  out  a  lead  for  various  uses  from 
the  neutral  of  the  winding. 

This  lead  may  be  grounded.  It  may  be  used  as  the  return  in  a 
four-wire  system,  giving,  with  a  240-volt  generator,  the  voltage 
between  the  neutral  and  the  end  of  each  phase  for  incandescent 
lighting;  similarly,  on  a  4000- volt  generator,  giving  2300  volts 
for  use  with   standard  transformers  for  three-phase   four-wire 
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systems   of   distribution.     In   this   latter   case   the   neutral    is 
generally  grounded.     This  system  is  used  in  many  large  cities. 

(2)  The  Y  connection  gives  the  required  voltage  with  58  per 
cent  of  the  turns  required  by  the  delta  connection.  This  is  a 
large  factor  in  cost,  especially  in  machines  of  high  voltage  and 
large  numbers  of  turns  per  coil,  where, the  expense  of  internal 
insulation  increases  rapidly. 

(3)  In  a  Y-connected  machine,  with  ungrounded  neutral,  it  is 
impossible  for  currents  of  triple  frequency  or  multiples  of  triple 
frequency  to  flow,  since  the  third  harmonics,  existing  in  the  two 
legs  of  the  Y  \\4nding  which  are  in  series  between  a  pair  of  ter- 
minals, are  opposed  to  each  other  and  of  equal  value,  thus  neutral- 
izing one  another. 

In  a  delta-connected  machine,  the  triple  harmonics  are  in  phase 
with  each  other,  and  will  send  triple-frequency  ciurents  through 
the  three  phases  in  series  of  the  closed  delta.  These  currents  are 
internal  in  the  windings,  the  e.m.f.  which  causes  them  to  flow 
being  short-circuited  in  the  closed  delta,  not  appearing  in  the 
e.m.f.  measured  between  terminals. 

These  circulating  currentf  may  be  of  great  magnitude,  entail- 
ing large  PR  losses  in  the  windings  and  corresponding  loss  of 
efficiency. 

(4)  In  general,  for  the  average  alternator,  the  e.m.f.  wave  of 
the  Y-connected  winding  is  nearer  a  true  sine  than  that  of  the 
delta-connected  generator. 

(5)  The  use  of  the  grounded  neutral  reduces  the  potential 
strain  on  the  insulation  of  the  windings,  permitting  reduced 
thickness  of  insulation. 

The  above  indicates  the  merits  of  the  Y  connection. 

On  the  other  hand,  the  delta  connection  does  not  appear  to 
have  any  advantages.  When  used,  care  must  be  exercised  in 
design,  paying  attention  to  the  percentage  of  pole-face  width  to 
pole  pitch,  shape  of  pole  face,  saturation  of  the  magnetic  circuit, 
etc. 

Fig.  1  gives  the  wave  shape  of  the  e.m.f.  on  closed  delta  of  a 
900-kv-a.,  25-cycle,  400- volt  unit,  in  which  it  was  found  that  the 
circulating  current  at  excitation  for  no-load  full  voltage  was  83 
per  cent  of  full  load  current. 

At  75,  87.5,  100  and  112.5  per  cent  of  full  voltage  no-load,  the 
circulating  current  was  found  to  be  59,  69,  83  and  107  per  cent, 
respectively,  of  full  load  current. 


Fig.  1— Potential  Wave  of  900- 

KV-A.  25-CVCLE,  400.VOLT  GEN- 
ERATOR, Cr.osED  "  Delta  ". 


Fig.  2 — Potential  Wave  of  900- 
KV-A.,  25-CvcLB,  400-VoLT  Gen- 
.,  Open  "  Delta  ". 


Pig.  4— Fotestjal  Wave  of  7.5- 
kv-a.,60-C¥cle,  ]10-VoltGen. 
ERATOR.  Open  "  Delta  ". 


Fig.  6 — ^Potential  Wave  of  7.5- 
Kv-A.,60-CvcLE.  IIO-VoltGen- 
ERATOB,  Across  Terminals 
Connected  Y. 
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The  analysis  of  this  wave  shape  shows  the  equation  of  the 
curve  to  be 

£=  +  99.9  sin  (a^-  0.01  deg.) 
+  1.0  sin  (5a  +36  deg.) 

—  1.8  sin  (5a  +  4  deg.) 
+  2.9  sin  (7a  - 16  deg.) 
+  0.2  sin  (9a  +59  deg.) 

•       -  l.lsin(lla+72deg.) 

-  0.3  sin  (13a -45  deg.) 

Similarly,  Fig.  2  shows  the  wave  shape  of  e.m.f.  taken  across 
one  leg  of  the  delta,  one  corner  of  the  delta  being  open. 
The  analysis  of  this  curve  gives  the  equation 

E  =  99.9  sin  (a-0.1  deg.) 

-  5.9  sin  (3a  -  9  deg.) 
+  0.3  sin  (5a  +  28  deg.) 

-  0.1  sin  (7a -86  deg.) 
+  1.1  sin  (9a  +  8  deg.) 
+  0.1  sin  (11a +  0  deg.) 
+     0  sin  (13a  +  0  deg.) 

In  the  former  the  percentage  of  third  harmonic  is  small  as 
compared  with  the  latter,  the  e.m.f.  being  used  up  in  overcoming 
the  internal  impedance  of  the  machine.  However,  the  fifth  and 
seventh  are  strong,  being  produced  by  the  pulsations  of  the  field 
set  up  by  the  circulating  current  in  the  delta.  The  latter  shows 
a  third  harmonic  approximately  6  per  cent  of  the  fundamental, 
the  others  being  practically  negligible. 

The  Y  connection  constructed  by  adding  two  waves  like  Fig.  2, 
displacing  them  60  deg.,  gives  practically  a  sine  curve.  The  use 
of  a  Y  connection  in  this  instance  would  have  effected  a  saving 
of  over  1  per  cent  in  efficiency  at  full  load. 

Similarly,  curves  in  Figs.  3,  4  and  5  show  e.m.f.  waves  of  closed 
delta,  open  delta  and  Y  connection  on  a  7.5-kw.  alternator  in 
which  the  circulating  current  was  a  large  percentage  of  full  load 
current. 

A  further  example  of  the  effect  of  saturation  on  circulating 
current  is  seen  in  the  following  table,  made  up  from  tests  of  a 
3000-kv-a.,  6600-volt,  112-rev.  per  min.,  60-cycle  generator, 
connected  delta  for  testing  purposes. 
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Per  Cent  Pull  Volts  per  Phase 

Circulating  Current  in  Per 

Cent  of  Full  Load  Current 

67 

6 

77 

7.7 

87 

8 

94 

7.7 

107 

3 

115 

0 

By  using  a  66f  per  cent  pitch  winding,  with  the  delta  con- 
nection, the  third  and  multiples  of  the  third  harmonic  are  elimi- 
nated.    (See  Trans.  A.  L  E.  E.,  Vol.  28  (1909)  page   1064.) 

Thus  in  a  2500-kv-a.,  2300-volt,  133-rcv.  per  min.,  60-cycle 
generator  delta-connected,  using  66f  per  cent  pitch,  an  ammeter 


Fig.  6— Potential  Wave  of  2500-kv-a.,  60-Cycle,  2300-Volt  Gen 

ERATOR,  Open  Delta. 


in  the  corner  of  the  delta  gave  no  reading.  The  wave  shape 
taken  across  one  leg  of  the  winding,  with  the  delta  open,  is  shown 
in  Fig.  6. 

It  would  therefore  seem  that  from  the  standpoint  of  the 
designer,  the  Y  connection  is  the  safest  to  use  and  that  great 
care  must  be  exercised  in  using  the  delta  connection. 


Presented  at  the  296th  meeting  of  the  American 
Institute  of  Electrical  Engineers.  Pittsfield, 
Mass.,  May  29th.  1914. 

Copyright  1914.     By  A.  I.  E.  E. 


DELTA  AND  Y  CONNECTIONS  FOR  RAILWAY 
TRANSMISSION  AND  DISTRIBUTION 


BY   CASSIUS  M.   DAVIS 


Abstract  of  Paper 

Transformer  connections  under  the  following  three  conditions 
are  discussed: 

The  railway  (1)  purchases  power;  (2)  builds  and  operates  the 
generating  and  transmission  systems;  (3)purchases  power  and  in 
addition  builds  and  operates  a  secondary  transmission  system. 

The  choice  between  delta  and  Y  connection  is  frequently  de- 
termined by  purely  economic  considerations.  However,  it  is 
common  practise  to  use  the  delta  connection  on  both  the  high- 
and  low-tension  sides  of  transformers,  except  in  the  case  of  six- 
phase  converters,  where  the  diametrical  connection  on  the  low- 
tension  side  is  the  rule.  Synchronous  converter  substations 
employing  two  machines  in  series  for  high-voltage  d-c.  railways, 
are  frequently  operated  from  single  banks  of  transformers, 
which  have  double  windings  on  the  low-tension  sides.  Methods 
of  starting  have  little  effect  upon  transformer  connections  except 
in  the  case  of  six-phase  converters.  Transformer  connections 
are  seldom  important  electrically  in  single-phase  and  three-phase 
railway  systems.  A  secondary  distribution  system  may  at 
firpt  be  delta-connected  and  later  changed  over  to  Y  connection 
to  obtain  better  voltage  regulation. 


THERE  are  three  general  problems  which    present    them- 
selves  for   any   railway   system.     They   are    classed    as 
follows : 

1.  The  railway  purchases  power. 

2.  The  railway  builds  and  operates  the  generating  and  trans- 
mission systems. 

3.  The  railway  purchases  power  and  in  addition  builds  and 
operates  a  secondary  transmission  system. 

These  conditions  to  a  certain  extent  affect  the  choice  of 
transformer  connections,  the  use  Of  delta  or  Y  frequently  being 
determined  from  purely  economical  standpoints.  That  is,  it 
may  be  cheaper  to  install  transformers  with  delta-connected 
primaries  for  a  given  synchronous  converter  than  with  Y-con- 
nected  primaries. 

A  further  condition,  which  may  or  may  not  have  a  bearing 
on  the  system  of  connection,  is  the  fact  that  interurban  lines 
and  railway  electrifications  require  substations  which  are  spaced 
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at  an  ever-increasing    distance  from   the  generating   station. 
They  are  frequently  tapped  oflF  the  same  transmission  line. 

1.  Power  Purchased  by  the  Railway.  The  railway  has  no 
choice  as  to  the  manner  in  which  the  supply  system  is  con- 
nected. It  must  accept  the  power  from  either  a  delta-  or  a 
Y-connected  transmission  line,  grounded  or  ungrounded. 

General  practise  favors  the  delta  connection  on  the  high- 
tension  side  of  the  substation  transformers  regardless  of  the 
arrangement  of  the  transmission  system.  The  principal  argu- 
ment is  that  a  three-phase  bank  of  transformers  may  be  oper- 
ated open  delta  in  emergencies  at  58  per  cent  of  its  total 
normal  output. 

The  connection  on  the  low-tension  side  depends  upon  the 
type  of  distribution  and  on  the  kinds  of  transforming  or  con- 
verting apparatus. 

For  synchronous-converter  substations  with  three-phase  con- 
verters the  delta  connection  is  usual.  This  holds  for  machines 
of  all  voltages. 

For  synchronous-converter  substations  with  six-phase  con- 
verters the  diametrical  is  the  rule,  since  with  either  the  double 
delta  or  the  double  Y,  two  secondary  windings  are  required, 
while  the  diametrical  connection  needs  but  one  secondar%' 
winding. 

Synchronous-converter  substations  operating  two  inachines 
in  series  for  voltages  from  1200  to  2400,  and  when  supplied  from 
single  transformer  banks,  always  have  double  secondaries  con- 
nected delta  for  three-phase  converters,  and  diametrical  for 
six-phase  machines. 

Railway  work  seldom  requires  the  neutral  to  be  brought  out. 
Where  it  is  required,  however,  the  Y,  the  "zig-zag"  or  the 
diametrical  connection  must  be  used,  with  i)roper  ]>ro\nsion 
for  starting. 

Motors  for  motor-generator  sets  ina\'  receive  ])owor  from 
transformer  secondaries  connected  either  delta  or  Y.  There 
is  little  choice  between  the  two  connections.  Substations 
employing  motor-generator  sets  frequently  have  a  low-tension 
a-c.  bus  which  is  fed  from  transfonners  wht-re  the  secondarv* 
connection  is  governed  by  conditions  extraneous  to  railway 
operation.  For  exam]jle.  the  low-tension  a-c.  bus  may  form 
a  i)art  of  an  a-c.  network,  the  neutral  of  which  it  is  desirable 
to  ground . 

The  methods   of  starting   are   controlled   somew^hat   by  the 
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secondary  connection.  Synchronous  motors  and  converters  are 
conveniently  started  from  reduced  voltage  taps.  If  the  trans- 
formers are  delta-connected,  starting  can  easily  be  accomplished 
on  open  delta.  If  they  are  Y-connected,  the  machines  can  be 
started  at  reduced  Y  voltage.  With  six-phase  converters,  the 
starting  connections  become  very  complicated  with  either  the 
double  delta  or  the  double  Y  connection,  especially  with  the 
machines  of  large  output.  Synchronous  converters  are  seldom 
started  by  means  of  compensators  for  the  reason  that  each  con- 
verter is  usually  provided  with  its  own  bank  of  transformers, 
the  taps  of  which  are  far  less  expensive  than  a  separate  com- 
pensator. 

Starting  from  the  d-c.  ^ide,  or  by  means  of  a  direct-connected 
starting  motor,  obviously  has  no  bearing  on  the  transformer 
connections  and  hence  is  omitted  from  this  discussion. 

The  possibility  of  grounds  and  short  circuits  on  the  trolley 
or  third  rail  has  no  effect  upon  the  choice  of  transformer  con- 
nections. 

Since  energy  for  single-phase  railways  is  usually  transmitted 
single-phase,  the  question  of  transformer  connections  does  not 
come  up  for  discussion.  Even  where  the  transmission  is  poly- 
phase, the  low-tension  distribution  for  a  single-phase  railway 
system  is  taken  from  the  transmission  line  through  single-phase 
transformers.  Thus,  as  far  as  the  present  discussion  is  con- 
cerned, there  is  no  choice  involved  between  delta  and  Y. 

Either  delta  or  Y  connections  may  be  used  for  three-phase 
railways.  The  choice  would  be  governed  by  conditions  exist- 
ing in  each  individual  case. 

2.  Generating  System  Built  and  Operated  by  the  Railway.  This 
problem  involves  the  general  question  of  delta  versus  Y  con- 
nection. It  is  not  necessary  to  go  into  a  discussion  of  the 
advantages  and  disadvantages  of  either  system  since  these 
points  are  brought  out  in  other  papers  presented  at  this  meet- 
ing. A  railway  load  does  not  differ  in  essentials  from  any  other 
load,  and  the  same  arguments  relative  to  the  choice  of  system 
apply  here  as  well  as  to  any  other  type  of  load. 

In  any  system  adopted,  due  provision  should  be  made  for 
extensions.  This  is  especially  true  in  railway  electrifications 
where  usually  only  a  few  miles  constitute  the  initial  electri- 
fication  which  ultimately  may  extend  several  hundred  miles. 
Transmission  lines  for  this  type  of  load  may  be  tapped  at  fre- 
quent intervals.    This  fact,  it  would  seem,  would  tend  to  prevent, 
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thus  giving  138  volts,  which  is  frequently  too  high  for  lighting 
purposes. 

The 'second  limited  advantage  of  delta  connection  applies 
in  large  machines  wound  for  low  voltages.  For  example,  in  a 
2000-kv-a.,  240- volt  machine,  the  winding  with  star  connection 
would  be  extremely  difficult;  it  may  be  almost  impossible.  The 
delta  coxmection  lends  itself  far  more  readily,  since  it  permits 
of  more  turns,  the  difficulty  being  to  employ  a  reasonably  large 
number  of  turns  per  phase. 

The  third  limited  advantage  occurs  when  we  endeavor  to  use 
existing  parts,  such  as  existing  punchings,  for  a  voltage  for  which 
the  machine  has  not  previously  been  wound,  and  it  actually 
simplifies  the  connection  rather  than  complicates  it  to  use  delta 
rather  than  star.  For  example,  we  may  find  for  a  certain  voltage 
we  want  around  If  conductors  per 
slot  or  equivalent  thereof,  for  star 
connections.  This  would  require  14 
conductors  per  slot,  8  circuits,  for  a 
two-layer  winding,  or  7  conductors 
per  slot,  4  circuits,  for  a  single-layer 
winding.  For  delta  connection  we 
could  use  either  6  conductors,  2  cir- 
cuit, or  3  conductors,  1  circuit,  thus 
greatly  simplifying  the  winding. 

Mr.  Eden  shows  in  his  oscillogram 
records,  and  in  the  subsequent  anal- 
ysis of  the  waves,  how  the  delta  cur- 
rent may  vary.  This  refers  to  one  or 
two  examples,  and  docs  not  cover  the 

many  cases  which  may  arise.  There  is,  possibly,  nothing  so  erratic 
as  the  circulating  current  in  the  delta  in  the  alternator.  In 
some  cases  the  delta  current  mav  be  a  curve  like  that  shown  as 
'*  A."  The  most  common  form  of  delta  current  is  somewhat 
similar  to  that  of  a  saturation  curve,  although  usually  the 
knee  is  more  marked,  as  in  **B.'^  I  have  known  one  case  in 
which  the  current  rose  gradually,  dropped  to  zero  and  then  rapidly 
rose  again  as  in  "C".  I  shall  not  take  the  time  to  explain  these 
peculiarities.  Although  I  have  not  had  opportunity  to  check  ex- 
perimentally, I  believe  that  the  curve  of  delta  current  in  delta - 
connected  transformers  varies  as  much  as  in  delta-connected 
alternators. 

Mr.  Eden  shows  how  the  delta  current  may  be  reduced,  or 
practically  eliminated,  by  using  a  f  pitch  winding.  I  do  not 
think  that  that  is  the  onlv  wav  in  which  it  can  be  reduced. 
For  example,  by  inserting  a  sufficient  amount  of  impedance  at 
the  apices  of  the  delta,  and  tapping  these  impedances  at  their 
mid  points,  one  can  greatly  reduce  the  amount  of  circulating  cur- 
rent. The  same  effect  can  be  accomplished  by  the  use  of 
magnetic  wedges  in  the  machine,  which  increase  the  internal 
reactance.     We  can,  by  carefully  proportioning  the  parts  of  the 
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magnetic  circuit,  (for  example,  by  carefully  designing  the  shapes 
of  the  pole  shoes),  also  greatly  reduce  the  amount  of  circulating 
current.  In  some  cases  it  may  be  an  actual  hardship  to  use  a 
f  pitch  winding,  because  this  means  that  a  greater  amount  of 
copper  must  be  used  per  slot  than  if  the  full  pitch  winding  were 
employed,  and  for  this  there  may  not  be  sufficient  slot  space 
where  existing  parts  are  used. 

I  also  want  to  point  out  that  circulating  current  is  subject  to 
change  with  load  and  with  power  factor.  The  circulating  current 
which  is  ordinarily  measured  is  that  which  flows  when  there  is 
no  load  on  the  machine,  and  as  soon  as  we  put  a  load  on,  the 
wave  form  is  altered.  At  zero  power  factor  one  gets  an  entirely 
different  wave  than  that  which  obtains  at  unity  power  factor. 
The  distortion  of  the  magnetic  field  unquestionably  also  distorts 
the  electromotive  force  wave.  That  may  introduce  harmonics 
which  were  not  present  before,  or,  if  present,  were  probably  in 
the  wave  to  a  different  degree,  and  may  consequently  materially 
alter  the  magnitude  of  the  circulating  current.  Therefore,  even 
though  the  circulating  current  was  negligible  at  no  load,  it  may 
not  be  negligible  at  full  load,  or  vice  versa.  •  This  is  something 
that  one  must  guard  against  in  large  machines  as  they  are  de- 
signed at  present;  that  is,  with  poor  regulation,  and  compara- 
tively small  air  gaps,  the  flux  distortion  is  much  greater  than  it 
was  in  machines  of  some  ten  years  ago,  when  they  had  close  regu- 
lation, comparatively  long  air  gaps,  and  the  flux  distortion  was 
comparatively  small.  I  think  possibly  that  also  in  delta-con- 
nected transformers,  the  load  and  power  factor  may  have  some 
influence  upon  the  circulating  current.  I  have  not  given  this 
much  thought,  and  I  suggest  this  in  order  that  those  who  have 
been  working  on  this  line  may  investigate  further. 

The  author  calls  attention  to  the  effect  of  the  circulating 
current  upon  efficiency.  I  want  to  point  out  that  I  do  not  think 
efficiency  is  nearly  so  important  in  this  connection  as  tempera- 
ture. Circulation  current  may  introduce  temperature  rises, 
which  may  be  of  serious  magnitude;  especially  would  this  be 
the  case  under  load  if  the  distortion  of  the  flux  were  such  as  to 
cause  a  considerable  circulating  current.  In  such  a  machine, 
then,  the  only  proper  way  that  one  could  make  an  accurate 
temperature  run  would  be  to  put  full  load  on  it. 

E.  G.  Merrick:  I  would  like  to  make  a  few  remarks  in  con- 
nection with  Mr.  Eden's  paper,  with  especial  reference  to  turbo- 
alternators.  Mr.  Eden  and  Mr.  Fechheimer  pointed  out  that 
in  the  salient -pole  machine,  harmonics  can  be  reduced  very  con- 
siderably by  the  proper  proportioning  of  the  pole  faces.  For 
the  UvSual  ratios  of  pole  arc  to  pole  pitch  this  gives  a  maximum 
gap  at  the  pole  tips  which  is  about  double  the  minimum  gap. 
In  the  modern  turbo-alternator,  which  is  now  usually  built 
with  a  cylindrical  rotor,  we  have  a  uniform  air  gap  and  the  above 
result  must  be  obtained  in  another  way.. 

A  fully  distributed  field  winding,  one  which  would  correspond 
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to  the  winding  of  a  direct-current  armature,  will  produce  a 
triangular  magnetomotive  force  curve,  the  apex  of  which  cor- 
responds with  the  center  of  the  ix)le.  On  the  other  hand  an 
entirely  concentrated  winding  will  give  a  rectangular  magneto- 
motive force  curve. 

It  is  evident  that  by  proper  proportioning  of  the  woiuid  and 
unwound  portions  of  the  pole  pitch  between  these  limits  we 
we  can  get  a  magnetomotive  force  curve  which  approaches  very 
closely  to  a  sine  wave. 

Neglecting  saturation,  any  harmonics  which  exist  in  the 
magnetomotive  force  curve  will  appear  in  the  flux  wave, and  again, 
these  harmonics  will  appear  in  the  same  way  in  the  electromotive 
force  curve,  modified  by  their  respective  winding  factors. 

If  the  ideal  rotor  winding  is  obtained — viz.,  that  in  which 
the  wound  portion  occupies  two-thirds  of  the  pole  pitch,  we  will 
get  practically  a  sine  curve  of  m.m.f.  and  the  third  harmonic  and 
its  multiples  will  disappear.  It  is  therefore  usually  possible  to 
design  the  non-salient  pole  type  of  machine  so  that  it  can  be 
coxmected  either  in  delta  or  in  star. 

Mr.  Fechheimer  has  just  made  a  statement  in  regard  to  the 
third  harmonic  being  influenced  by  the  load.  Tests  on  the  non- 
salient  pole  type  of  machine  do  not,  however,  indicate  such  an 
effect.  This  is  shown  as  follows:  Measurements  on  a  delta- 
connected  machine  under  load  indicate  a  certain  current  X 
in  each  line  and  a  current  Y  in  the  delta,  Y  being  greater  than 
X  on  account  of  the  additional  current  due  to  the  third  harmonic. 
At  no-load  and  normal  voltage  we  get  a  value  Z  for  the  circulating 
cturent  in  the  closed  delta  and  the  combined  currents  X  and 
Z  will  equal  the  above  current  Y.  This  would  indicate  that  the 
value  of  the  circulating  current  due  to  the  third  harmonic  has 
not  been  changed  appreciably  by  the  load. 

C.  J.  Fechheimer:  How  many  machines  was  that  carried 
out  on? 

E.  G.  Merrick:  I  have  tried  it  on  a  number  of  different  ma- 
chines. 

C.  J.  Fechheimer:     What  kind  of  load? 

E.  G.  Merrick:     On  non-inductive  load. 

C.   J.  Fechheimer:     That  is  contrary   to  my  observations. 

E.  G.  Merrick:  In  each  instance  the  calculated  results  have 
come  within  the  limits  of  error  of  reading. 

C.  J.  Fechheimer:  You  must  recognize  the  fact  that  the 
circulating  current  due  to  higher  harmonics  is  not  directly  addi- 
tive to  the  load  current.     I  see  you  combine  it  in  quadrature. 

T.  S.  Eden:  There  is  no  question  that  by  using  a  proper 
width  of  pole  face,  in  per  cent  of  pole  pitch,  the  third  harmonic 
can  be  avoided.  The  alternator,  on  the  wave  forms  of  which  I 
made  an  investigation  and  reported  the  results  in  the  paper, 
was  one  in  which  the  percentage  of  pole  face  to  ])()le  pitch  was 
only  52  per  cent.  Had  this  been  |,  the  third  harmonic  current 
would  have  been  largely  eliminated,  and  there  would  not  be  any 
such  value  as  60  per  cent  in  the  fundamental. 
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R.  E.  Doherty:  There  is  one  point  that  just  occurred  to  me 
in'  the  way  of  an  explanation  of  the  discrepancy  between  the 
observations  of  Mr.  Fechheimer  and  Mr.  Merrick.  Mr.  Fech- 
heimer  says  that  he  has  noted  no  change  in  effect  of  the  circulat- 
ing current  in  the  delta  imder  load,  and  Mr.  Merrick  has  noted 
that  it  has  been  appreciable.  I  wonder  if  the  possible  explana- 
tion is  that  since  this  change  that  Mr.  Fechheimer  pointed  out  is 
due  to  a  change  in  relation  of  the  center  line  of  flux  from  the 
center  line  of  the  pole,  whether  the  use  of  different  proportions 
of  minimum  gap  to  maximum  gap  in  the  two  machines  on  which 
this  thing  had  been  tried  out  does  not  account  for  the  dis- 
crepancy in  observations?  In  the  machines  Mr.  Merrick  has 
referred  to,  he  has  pointed  out  that  the  maximum  gap  was 
something  like  twice  the  minimum  gap.  I  wonder  if  this 
relation  holds  in  the  machines  Mr.  Fechheimer  referred  to. 

C.  J.  Fechheimer:     It  does  not. 

E.  G.  Merrick:  The  tests  I  referred  to  were  on  smooth, 
cylindrical  rotors,  turbo-alternators. 

C.  J.  Fechheimer:  If  the  armature  reaction,  even  in  the 
turbo-generator  in  which  the  winding  on  the  rotor  is  distributed, 
were  sufficient  to  distort  the  flux,  I  should  think  the  effect 
of  the  circulating  current  would  be  altered  in  most  cases  by  change 
in  load.  I  have  not  made  any  observations  myself  on  turbo- 
generators in  this  regard,  so  I  am  not  able  to  speak  from  ex- 
perience. I  am  only  theorizing.  The  machines  I  had  in  mind 
were  definite  pole  alternators,  in  which  the  minimum  air  gap  was 
but  little  less  than  the  maximum  air  gap.  By  minimum  air 
gap,  I  mean  the  gap  at  the  middle  of  the  pole,  and  the  maximum 
at  the  edges  of  the  pole. 

R.  E.  Doherty:  The  condition,  as  I  see  it,  is  due  less  to 
difference  in  armature  reaction  than  the  spread  of  the  exciting 
coils,  which  increase  in  reluctance  in  one  case  from  the  center  of 
the  pole  to  the  edge,  this  difference  being  greater  where  the  ratio 
of  minimum  to  maximum  gap  is  large  than  where  it  is  more 
nearly  uniform.  The  distorting  effect  of  armature  reaction 
would  shift  the  flux  a  great  deal  more  in  the  uniform  gap. 

Cassius  M.  Davis:  I  wonder  if  there  is  not  a  simpler  ex- 
planation for  that.  In  the  transformer  the  triple  harmonic 
exists  whether  there  is  load  or  no  load,  and  the  triple  harmonic 
exists  in  about  the  same  magnitude.  It  is  not  so  noticeable 
in  its  effect  upon  the  wave  shape  at  load  because  the  load 
current  is  so  much  greater  than  the  triple  harmonic  current. 
Leaving  aside  the  effect  of  flux  distortion,  I  wonder  if  the  cir- 
culating current  in  the  delta  is  not  there  all  the  time  in  about  the 
same  magnitude,  whether  there  is  a  load  or  no  load,  but  in 
measuring  the  voltage  or  taking  an  oscillogram  across  the 
phases,  the  wave  appears  smoother  at  the  load,  due  to  the  re- 
actance drop  through  the  armature  winding,  while  the  triple 
harmonic  may  still  exist  there.  This  is  analogous  to  the  exciting 
current  of  a  transformer,  which  stays  about  the  same,  regardless 
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of  the  load,  and  is  too  small  to  appear  in  an  oscillogram  taken 
across  the  terminals. 

John  B.  Taylor:  Bearing  on  circulating  current  losses  in  a 
delta-connected  generator,  I  recall  tests  measuring  directly  the 
triple-frequency  voltages  in  windings  of  a  generator  by  con- 
necting in  Y  and  reading  between  common  connection  or 
"neutrar*  of  generator  and  a  true  or  stable  neutral  of  trans- 
former bank.  These  triple-frequency  readings  changed  as 
normal  frequency  load  on  the  generator  was  increased  or  de- 
creased. 

With  a  delta-connected  generator,  I  suggest  measurement 
by  ammeter  or  oscillograph  of  the  three  currents  (two  in  gen- 
erator windings  and  one  in  external  lead),  at  a  corner  of  the 
delta.  By  this  means,  amount  of  circulating  currents  at  differ- 
ent loads  and  excitations  may  be  determined. 

Selby  Haar:  I  speak  in  defence  of  the  delta  connection  from 
the  operator's  standpoint.  As  long  as  conditions  are  likely  to 
arise  in  service  which  make  it  necessary  to  operate  damaged 
but  partly  serviceable  generators  temporarily,  we  cannot  spare 
the  delta  connection.  Anyone  who  has  been  able  to  maintain 
three-phase  service  with  two  transformers  connected  in  open 
delta  will  agree  with  this  statement. 

Mr.  Eden  reports  83  per  cent  of  normal  load  ciurent  in  one 
case.  This  cturent  could  be  reduced  to  a  harmless  value  by 
inserting  reactances  which  preferably  should  exhibit  a  propor- 
tionally higher  reactance  to  harmonics  than  to  the  f imdamental 
of  the  current  wave;  in  view  of  some  present  tendencies  of  design, 
the  increased  reactance  at  normal  frequency  would  not  be  al- 
together undesirable.  Each  reactance  would  consist  of  an  iron 
core  wound  with  a  coil  of  several  turns,  from  the  middle 
one  of  which  a  tap  is  brought  out.  Each  comer  of  the  delta  is 
opened,  and  the  two  leads  connected  to  the  ends  of  a  reactance 
coil,  the  tap  being  connected  to  the  line.  Suppose  such  a 
coil  to  have  2n  turns,  then  the  current  at  fundamental  fre- 
quency in  one  group  of  n  turns  (on  one  side  of  the  tap)  is  120 
degrees  out  of  phase  with  the  current  in  the  other  n  turns,  and 
the  restdtant  magnetomotive  force  of  both  will  equal  /«,  taking  / 
as  the  current  per  phase.  The  current  of  triple  frequency, 
however,  flows  in  the  same  direction  and  is  of  the  same  phase 
in  both  parts  of  the  coil,  so  that  at  current  /,  the  magnetomotive 
force  is  2/n.  Thus  the  reactance  (below  saturation  of  the  iron) 
should  be  6  times  as  great  for  the  triple  harmonic,  and  18 
times  as  great  for  the  9th  harmonic  as  for  the  fundamental. 
Of  course  the  saving  realized  by  the  smaller  circulating  current 
in  the  generator  is  partly  offset  by  the  iron  and  copper  losses 
in  the  reactances. 

Where  there  are  no  insulation  difficulties  on  account  of  high 
voltages  nor  space  restrictions  (as  to  shape  and  sizes  of  reac- 
tances) to  contend  with,  the  three  coils  may  be  wound  on  one 
core.     Now  the  odd  harmonics  in  the  wave  of  e.m.f .  (or  current) 
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may  be  divided  into  three  groups  of  the  orders  3a,  Ga-1,  and 
6a4-l>  where  a  is  any  positive  integer.  The  resultant  magneto- 
motive force  of  these  three  coils,  when  supplied  with  balanced 
three-phase  currents  at  fundamental,  6a- 1,  and  6a -fl  harmonic 
frequencies,  is  zero,  while  the  three  individual  triple,  ninefold, 
fifteenfold,  etc.,  frequency,  magnetomotive  forces  are  in  phase. 
Hence  the  impedance  of  such  a  device  to  all  harmonics  of 
order  not  a  multiple  of  3  would  consist  of  resistance  only. 
Since,  as  stated,  all  harmonics  above  the  third  were  practic- 
ally negligible,  the  effect  of  such  a  coil  should  be  very  marked 
in  this  case.  It  would  be  interesting,  as  a  check  on  this  con- 
clusion, if  Mr.  Eden  could  supply  an  oscillogram  of  the  cir- 
culating current  in  one  of  these  machines;  it  should  show 
only  the  3a  harmonics.  We  should  not  give  up  the  delta  con- 
nection simply  because  it  is  difficult  to  design  a  good  delta- 
connected  generator. 


Pres€Htgd  at  the  3lst  Annual  Convention  of  the 
American  Institute  of  Electrical  Engineers ^  De- 
troitf  Mich.,    June  23.  1914. 
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MEMBERS 

President's  Address 


BY    C.    O.    MAILLOUX 


Introduction 

THE  constitution  of  this  Institute  prescribes  that  the  president 
"shall  deliver  an  address  at  the  annual  convention."  The 
duty  thereby  assigned  to  the  president  becomes  one  of  his  last 
official  ones,  when  the  annual  convention  falls  so  near  the  end 
of  :he  term  of  office,  as  it  has  in  the  last  few.  years. 

The  realization  of  the  approaching  end  of  his  term  of  office 
made  one  of  my  distinguished  predecessors  feel  that  his  presi- 
dential address  was  a  sort  of  "  swan  song.*'  It  is  a  catise  for 
congratulation  both  to  the  Institute  and  to  him  that  he  has  since 
then  contributed  several  other  very  good  '*  songs  "  which  have 
received  great  applause  both  here  and  abroad;  and  his  many 
friends  and  admirers  all  rejoice  over  the  good  prospects  of  his  being 
heard  from  again,  many,  many  times.  The  fact  that  so  many 
of  our  past-presidents  have  retained  a  great  interest  in  the  affairs 
and  welfare  of  the  Institute,  and  have  continued  to  work  most 
loyally  and  zealously  in  its  service,  makes  me  feel  that  it  would 
be  misleading  to  ascribe  a  "  valedictory  **  character  to  the  presi- 
dent's address.  I  am  very  certainly  not  inclined  to  regard  it, 
in  my  own  case,  as  an  incident  of  *'  leave-taking,"  since  I  feel 
the  strongest  desire  and  disposition  to  continue  to  serve  the 
Institute  to  the  best  of  my  ability  after  I  return  to  the  ranks.  I 
prefer  to  regard  it  in  the  light  of  a  graduation-thesis,  constituting 
one  of  the  requirements  for  the  "  honorary  degree  "  of  *'  past- 
president." 

The  Development  and  Activity  of  the  Institute 

The  wondrous  activity  of  this  Institute,  the  enormous  amount 
and  the  magnificent  quality  of  the  work  which  it  does  each  year, 
are  so  full  of  interest  and  so  worthy  of  attention,  that  they  would 
easily  furnish  both  the  pretext  and  the  inspiration  for  an  interest- 
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ing  and  instructive  address.     To  one  who,  like  myself,  had  the 
privilege  of  *'  enlisting  "  as  one  of  the  founders,  and  who  holds  the 
diploma  of  charter-member  of  this  Institute,  its  growth,  its  ex- 
pansion, its  work,  and  its  achievements  have  been,  from  the 
beginning,  and  still  continue  to  be,  sources  of  increasing  wonder 
and  astonishment.     There  is,  in  truth,  reason  for  us  to  be  proud, 
even  to  the  degree  of  exultation,  over  the  fact  that  the  American 
Institute  of  Electrical  Engineers,  the  youngest  in  the  family  of 
national  engineering  societies  in  the  United  States,  has  pushed 
its  way  to  the  very  first  place  among  them  all,  not  alone  in  point 
of  membership,  but  in  respect  to  its  subsidiary  centers  of  acti\dty, 
t.f.,  its  Sections  and  Branches ;  also,  and  more  especially,  in  resp>ect 
to  the  number  and  the  character  of  the  contributions  to  original 
knowledge  of  which  it  has  been  the  depositary  and  the  means  of 
dissemination ;  also  in  respect  to  the  important  role  which  it  has 
played  and  the  great  influence  which  it  has  exerted  in  the  entire 
world,  in  connection  with  questions  of  electrical  units  and  stand- 
ards and  other  matters  calling  for  international  conference  and 
agreement.     There  is  still  at  least  one  other  respect  in  which  it 
need  not  fear,  but  could  challenge,  comparison,  (even  if  the  list 
also  included  the  sister  societies  in  the  rest  of  the  world),  namely, 
the  proportion  of  active  workers,  i.e.,  the  proportion  of  members 
who  give  material  evidence  of  their  interest  in  the  work,  welfare 
and  development  of  the  Institute  by  making  sacrifices  not  only 
of  time,  but  of  money  through  their  zeal  in  its  service.     So  far 
as  I  know,  there  is  no  other  engineering  or  vScicntific  society  in 
the  world  which  has  the  good  fortune  to  have  at  its  disposal,  fre 
of  cost,  the  services  of  so  many  high-grade  men. 

This  willingness  and  readiness  to  serve  are  evident  in  all  the 
Sections  and  Branches  of  the  Institute;  and  that  is  precisely 
what  has  made  the  plan  of  forming  Sections  and  Branches  so 
successful.  It  is  in  connection  with  the  activities  of  the  central 
body  of  the  Institute,  however,  that  the  results  of  the  devotion 
of  our  active  members  are  most  apparent  and  significant. 
Each  month,  men  who  hold  most  important  ]:)ositions  gather 
at  the  Institute  headquarters  from  all  points,  far  and  near — 
many  of  them  coming  a  thousand  miles,  and  some  even  a  still 
longer  distance — to  attend  meetings  of  directors  and  of  commit- 
tees. In  general,  the  attendance  at  these  meetings  is  surprisingly 
large.  Frequently,  there  are  many  different  committees  holding 
meetings.  Some  of  these  meetings  may  begin  a  day  or  two  be- 
fore, and  some  may  not  be  over  until  a  day  or  two  after  **  In- 
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stitulc  day.'*  Very  often,  the  committee  works  until  a  late 
hour  in  the  evening,  and,  occasionally,  it  continues  its  work  the 
next  day.  On  at  least  two  occasions,  one  of  our  most  important 
committees,  the  Standards  Committee,  has  been  in  session  day 
and  night  for  more  than  three  days  in  succession. 

The  enthusiasm  and  the  energy  of  these  faithful  and  devoted 
workers,  their  evident  desire  to  collaborate  and  cooperate  to  the 
highest  advantage  for  the  good  of  the  cause,  cannot  fail  to  excite 
both  wonder  and  admiration.  The  interesting  and  significant 
thing  is  that  these  men  work  with  the  same  earnest  attention  and 
the  same  desire  to  produce  substantial  and  useful  results  that  they 
manifest  in  dealing  with  matters  of  most  profound  personal  in- 
terest and  importance.  Not  only  is  this  high  grade  work  done 
voluntarily,  but  the  men  literally  pay  for  the  privilege  of  doing 
it.  The  time  and  traveling  expenses  of  some  of  these  men 
amount  to  a  large  figure  at  the  end  of  the  year;  and  some  of  them 
have  been  ser\ang  the  Institute,  at  that  cost,  for  many  years. 
Moreover,  in  many  cases,  notably  in  the  case  of  chair- 
men and  secretaries  of  committees,  the  work  done  at  meet- 
ings is  in  reality  only  a  small  part  of  the  total  work  done  by 
them,  which  includes  a  great  amount  of  correspondence.  I 
have  deemed  it  a  duty  to  refer  to  the  amount  and  the  quality 
of  the  work  that  is  done  by  the  members  without  cost  to  the 
Institute,  for  two  reasons:  First,  because  the  fact  that  there  are 
so  many  devoted,  earnest,  faithful  workers  rendering  such  valua- 
ble services  at  more  or  less  great  personal  sacrifice  and  expense 
may  not  be  as  well  known  to  the  membership  at  large  and  as 
much  appreciated  as  it  deserves  to  be;  second,  because  I  wish  to 
pay  a  well  deserved  tribute  of  praise  and  to  do  honor  to  these  men. 
It  is  a  duty  and  it  is  also  a  great  pleasure  to  me  to  pay  a  tribute 
of  appreciation  and  of  gratitude,  here,  for  the  Institute  and  for 
myself,  to  all  these  faithful,  self-sacrificing  workers,  to  whose 
zeal,  loyalty,  energy  and  generosity,  the  Institute  is  so  much  in- 
debted for  its  success  and  for  the  reputation  which  it  has  achieved 
both  here  and  abroad.  It  is  precisely  here,  in  my  opinion,  that 
we  find  the  true  explanation  of  the  phenomenal  growth  and  de- 
velopment of  the  Institute.  It  has  often  been  remarked,  by  per- 
sons who  are  informed  about  the  activities  of  the  Institute,  es- 
pecially about  the  work  of  its  important  technical  and  special 
committees,  that  if  the  time  and  effort  devoted  to  this  work  had 
to  be  paid  for,  even  at  bare  cost,  the  Institute  would  need  an 
enormous  increase  in  revenue  to  carry  it  on.     This  is  a  modest 
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The  technical  committees  of  the  Institute  rei^resent  an  honest 
and  earnest  effort  which  has  been  made — and  with  considerable 
success — to  secure  diversity  in  technical  work  and  to  give  scope, 
individuality,  and  recognition  to  the  various  specialties  and 
activities  of  the  members  or  of  groups  of  members  of  the  Institute 
while  avoiding  their  segregation  into  distinct  small  societies. 

Each  of  our  technical  committees  has  the  resources,  the  au- 
thority, and  the  prestige  of  the  whole  Institute ;  and  every  mem- 
ber of  the  Institute  receives  the  full  benefit  of  the  activity  and 
of  the  work  done  by  the  specialists  constituting  the  committee. 
In  effect,  the  result  is  the  same  as  if  every  member  belonged  to 
a  number  of  distinct  societies  specializing  in  certain  subjects. 
This  point  is  deserving  of  attention,  as  disclosing  a  feature  which 
is  not  as  well  understood  or  as  fully  appreciated  as  it  deserves,  and 
as  suggesting  a  field  for  further  development. 

So  far  as  concerns  the  specialists  themselves  who  take  part  in 
the  activities  of  the  technical  committees,  they  are  relieved  of  the 
responsibilities  and  burdens  of  keeping  a  small  society  alive  to 
give  scant  support  and  limited  publicity  to  their  work  as  specia- 
lists. It  is  obvious  that  their  work  reaches  a  much  larger  number 
of  people  and  does  much  more  good  when  done  under  the  aus- 
pices of  the  Institute.  The  Institute  plan  is  based  upon  the 
principle  that  **  in  union  there  is  strength,"  and  on  the  economic 
advantages  resulting  from  concentration  of  organization  and 
administration.  This  plan  fosters  diversity  by  permitting  ac- 
tivity in  many  directions  that  would  not  warrant  the  formation 
and  could  not  maintain  the  existence  of  separate  societies,  and, 
for  other  specialties  which  could  only  hope  to  maintain  a  separate 
society  on  a  small  scale,  and  in  a  more  or  less  precarious  way, 
it  offers  a  larger  field  and  secures  a  larger  audience,  which,  as  we 
all  know,  is  a  consideration  of  the  highest  importance,  because  it 
gives  the  best  incentive  and  is  the  best  stimulus  for  doing  work 
of  the  highest  grade. 

The  preceding  considerations  reveal  certain  fundamental 
principles  of  efficiency  and  economy  with  which  electrical  engi- 
neers are  all  very  famiUar,  namely,  the  importance  of  high  values 
for  the  *'  diversity  "  and  "  load  *'  factors  in  central  stations. 
The  Institute  is,  in  effect,  a  kind  of  central  station  for  the  genera- 
tion and  distribution  of  a  certain  kind  of  electric  *'  power  "  which 
is  useful  in  the  production  of  electrical  **  work  "  of  greatly 
diversified  character  and  of  extreme  importance,  as  a  whole,  to 
the  vocation  of  the  electrical  engineer,  and  to  the  standing  and  the 


PJ14I  PRESIDENT'S  ADDRESS  825 

advance  of  the  electrical  engineering  profession.  The  analogy 
is  perfect;  centralization  of  activity  and  the  superimposition  of 
load-curves, — as  the  result  of  increasing  the  diversity-factor, — 
lead  to  a  higher  load-factor  in  the  Institute,  and  in  about  the 
same  way  as  in  an  ordinary  electric  power-station. 

The  Institute  has  abundantly  realized  its  objects  as  we  find 
them  stated  in  the  constitution,  namely,  '*  The  advancement  of 
the  theory  and  practise  of  electrical  engineering  and  of  the 
allied  arts  and  sciences,  and  the  maintenance  of  high  professional 
standing  among  its  members.'*  It  has  amply  .fulfilled  its  mis- 
sion and  its  trust  as  the  representative  of  the  profession  of  elec- 
trical engineering  in  the  broadest  and  most  comprehensive 
sense.  It  gives  shelter  and  support,  encouragement  and  stand- 
ing, to  all  the  branches'  and  specialties  of  the  profession  that  are 
worthy.  Its  numerous  Sections  and  Branches  in  North  America, 
and  its  many  groups  of  specialists  working  in  various  electrical 
fields,  suggest  a  federation  of  states  and  territories,  whose  citi- 
zens are  amalgamated  into  a  coherent  mass,  in  accordance  with 
the  old  motto,  '*  E  pluribus  unum,"  which  the  Institute  exempli- 
fies   and    glorifies. 

In  expressing  my  gratification  over  the  good  work  done  thus 
far  by  the  Institute,  nothing  is  farther  from  my  thoughts  than  the 
wish  to  suggest  or  imply  that  there  is  not  still  more,  indeed,  very 
much  more,  good  work  ahead,  waiting  to  be  done.  In  truth,  my 
feeling  is  that  it  would  be  very  difficult  to  set  any  limits  to  the 
development  of  the  Institute  and  its  capacity  for  the  further 
advancement  and  realization  of  its  aims  and  objects.  There  will 
be  no  dearth  of  good  opportunities  in  many  directions;  and  I  am 
confident  also  that  there  will  be  no  lack  of  initiative,  interest  and 
effort  on  the  part  of  the  active  members  whose  self-sacrificing 
devotion  has  done  so  much,  as  I  have  already  indicated,  to  raise 
the  Institute  to  its  present  high  plane  of  efficiency.  As  time  goes 
on,  with  better  resources  and  riper  experience,  the  Institute  will 
be  able  to  undertake  tasks  of  greater  magnitude  and  solve  prob- 
lems presenting  greater  difficulties  than  would  have  been 
possible  hitherto. 

There  is  one  thought  suggested  by  the  foregoing  sketch  of  the' 
Institute's  career  which  deserves  to  be  impressed  upon  the  minds 
of  all  its  members.  It  is  this:  wherever  in  the  extensive  fields  of 
electrical  theory  and  practise  a  man  may  happen  to  be  stationed, 
either  by  his  own  choice  or  by  circumstances,  whether  he  be 
genius  or  plodder,  whether  he  be  ambitious  or  modest,  and 
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regardless  of  his  specialty,  or  whether  he  have  any  specialty  at 
all,* there  is  room  for  him  in  these  fields,  there  is  a  place  for  him 
in  the  Institute,  and  work  for  him  to  do,  and  there  are  benefits  and 
honors  waiting  for  him  there.  The  Institute  needs  him,  and  he 
needs  the  Institute.  Each  can  complement  the  other  and  can 
add  to  the  other's  **  stature  "  in  many  ways. 

Although  the  evolution  of  the  Institute  has  been  rapid,  it  has 
been,  fortunately,  also  healthy.  It  has  acquired  a  strong  im- 
petus  which  shotdd  carry  it  along  steadily  to  ever  wider  scope  and 
more  fruitful  influence.  There  is  no  reason  why  the  Institute 
should  not  continue  indefinitely  to  grow,  to  expand,  and  to  in- 
crease its  power  for  doing  good  to  our  profession  and  for  de- 
veloping a  true  professional  spirit  in  its  members.  I  trust  that 
you  all  join  me  heartily  in  the  wish  that  the  Institute's  career 
may  be  long  and  brilliant  and  I  hope  sincerely  that  you  will  all 
continue  to  do  your  best  to  help  make  the  wish  come  true. 

The  Social  and  Civic  Evolution  of  the  Engineer 

The  preceding  sketch  of  the  evolution  and  development  of 
this  Institute  has  made  it  apparent  that  the  particular  branch 
of  the  engineering  profession  for  which  it  stands  before  the  world 
has  attained  a  place  of  great  distinction  and  high  honor  in  that 
community  of  initiates  and  adepts  known  as  the  domain  of  ap- 
plied science  and  technology  and  sometimes  called  the  engi- 
neering world. 

Wc  might  be  content  and  satisfied  to  rest  on  our  honors  in  that 
world,  if  it  gave  scope  to  all  our  aptitudes,  if  there  were  in  it 
opportunities  for  the  cultivation  of  all  our  faculties  and  the  de- 
velopment of  all  our  talents,  and  for  the  realization  of  all  our  ideals 
and  aspirations.  Unfortunately,  that  world  is,  after  all,  only  a 
sort  of  technological  workshop  of  vast  proportions  and  of  com- 
plex character,  wherein  one  may  develop  great  abilities  and  tal- 
ents, it  is  true,  but  which  aims  at  one  thing  only,  the  performance 
of  scientific  and  engineering  tasks  and  **  stunts  "  of  great  com- 
mercial interest  and  industrial  value  to  the  whole  world.  It  is 
not  suited  for  the  development  of  what  we  are  wont  to  tenii  the 
higher,  better  and  finer  side  of  human  nature,  including  those 
im])ortant  constituents  of  human  character,  built  up  of  moral, 
ethical  and  spiritual  attributes  and  of  sterling  qualities  of  mind 
and  heart,  those  elements  of  general  culture,  high- mindedness 
and  refinement,  which  breed  the  feeling  and  nurture  the  respect 
for  ideals,  and  which  develop  those  charms  and  graces  of  manner 
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that  raise  certain  individuals  to  higher  planes,  and  entitle  them 
to  greater  respect  and  consideration  than  the  rest,  in  human* so- 
ciety. 

I  know  that  I  need  not  dwell  on  the  desirability  of  this  kind 
ot  development,  for  I  am  sure  that  you  all  concede  its  necessity 
and  its  benefits  for  all  classes  of  humanity.  We  all  see  quickly 
enough  the  **  mote  *'  that  is  in  the  eye  of  humanity  in  general; 
unfortunately,  we  do  not  always  see  the  "  beam  "  that  is  in  our 
own  eye,  so  great  is  the  difference  between  looking  at  a  thing  in 
the  abstract  and  in  the  concrete.  That  is  what  leads  me  to 
mention  and  to  insist  upon  a  point  of  great  moment,  not  only  to 
ourselves  but  to  the  whole  world.  It  is  this:  we  are  further 
behind  than  we  ought  to  be,  in  certain  phases  of  that  higher 
development  which  has  just  been  alluded  to;  we  are  merely 
followers,  whereas  we  ought  to  be  leaders.  I  will  admit  that  this 
condition  has  not  been  worse, — in  many  respects,  it  has,  indeed, 
been  far  better, — ^in  our  branch  than  in  the  other  branches  of  the 
engineering  profession;  but,  the  fact  that  we  have  been  merely 
a  little  less  blind  to  our  opportunities  and  our  duties  than  have 
our  colleagues,  is  not  an  adequate  excuse  for  our  own  delinquency. 
It  is,  perhaps,  an  accusation,  as  showing  that,  although  more 
awake,  we  were  not  more  alert  or  active. 

One  of  the  important  objects  which  I  have  in  mind,  in  this 
portion  of  my  address,  is  to  bring  to  the  attention  of  electrical 
engineers, — and,  incidentally,  to  the  attention  of  all  other  en- 
gineers or  classes  of  engineers  who  are  **  in  the  same  boat," — the 
fact  that  the  acquirerhent  of  what  might  be  termed  "  technical 
adeptncss  and  dexterity,**  either  individually  or  collectively, 
by  the  members  of  a  profession,  and  the  resulting  increase  of 
technical  knowledge,  accumulation  of  experience  and  data,  and 
development  of  engineering  methods,  do  not  constitute  the  sum- 
mum  boniim  of  our  professional  life,  and  do  not  represent 
our  only  ideals  or  the  sole  end  and  purpose  of  our  efforts,  either 
in  an  individual  or  in  a  cooperative  sense. 

In  extending  and  improving  our  relations  to  each  other, 
through  our  Institute,  we  have  laid  the  foundations  for  the 
development  of  a  great  guild.  Let  us  remember,  however, 
that  in  this  case  we  ourselves  may  not,  indeed,  we  cannot,  be 
the  sole  judges  of  greatness.  In  reality,  it  is  not  5e//-recogni- 
tion,  but  recognition  of  a  class  by  all  other  classes,  that  counts. 
This  is  a  point  to  which  engineers  as  a  class  have  given  alto- 
gether too  little  attention.     They  have  been  too  self-conscious 
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and  self -centered;  and  they  have  not  paid  enough  attention 
to  their  relations  to  the  outside  world.  They  have  neglected 
to  cultivate,  and,  consequently,  they  lack,  the  ''guild-spirit'* — 
that  force  which  makes  for  the  increase  of  prestige,  influence 
and  power  of  the  guild,  and  secures  for  it  the  greater  respect 
and  consideration  of  other  guilds  and  classes.  It  is  high  time 
that  engineers  should  appreciate  the  importance  of  * 'taking 
their  place  in  the  procession*',  in  a  social,  civil,  and  civic  sense. 
While,  in  a  professional  class,  the  prominence  of  individuals 
may  depend  only  or  mainly  on  professional  technique  and 
achievements,  the  prominence,  reputation  or  caste  of  the  class 
or  clan,  as  a  whole,  depends  mostly,  perhaps  wholly,  on  the 
professional  spirit — ^the  ''esprit  de  corps'\ — and  on  the  ability 
of  the  guild  or  class  to  hold  its  own  with  the  other  guilds  and 
classes,  on  common  grounds,  in  social,  civic  .political  and  other 
life,  in  the  outer  world.  The  next  point  of  interest  is  that  we 
really  have  duties  to  perform  and  are  entitled  to  benefits,  in 
that  outer  world.  Moreover,  our  neglect  to  preempt  or  to 
occupy  the  place  that  belongs  to  us  there,  is  a  serious  handicap 
to  the  prestige  or  influence  of  our  particular  professional  class, 
and  places  it  in  a  condition  of  relative  disparity,  before  the 
world,  as  compared  with  other  professional  classes, — such  as 
those  of  law,  medicine,  the  fine  arts,  etc.,  which  assert  their 
rights  and  utilize  their  opportunities  systematically. 

When  people  speak  of  the  ''upper  crust"  of  society,  they 
imply  and  recognize,  tacitly,  the  existence  of  lower  layers, 
strata  or  classes  in  human  society.  It  were  indeed  idle  to  deny 
the  existence  of  classes,  orders  or  groups  in  human  society, 
any  more  than  in  the  rest  of  nature.  It  seems  to  be  in  nature's 
general  program.  We  find  classes  in  the  infinitely  great  worlds 
of  the  astronomer,  and  we  find  them  in  the  infinitely  small 
worlds  of  the  bacteriologist,  and  in  that  of  the  physicist;  and  we 
find  them  everywhere  between  these  two  extremes,  in  the 
animal,  vegetable  and  mineral  kingdoms.  An  interesting 
example  of  the  stratification  of  life  was  noted  by  the  Prince 
of  Monaco  in  his  deep  sea  explorations.  He  found  that  the 
ocean  had  upper  and  lower  ''layers*',  or  "tiers"  of  inhabitants, 
with  an  indefinitely  great  number  of  intermediate  layers; 
moreover  each  kind  of  life,  indeed  each  species  of  fish  or  ani- 
malcule, has  its  place  at  a  certain  depth,  where  it  is  "at  home", 
and  above  or  below  which  it  is  "out  of  its  element",  and  may 
be  so  uncomfortable  or  so  handica[)i)ed  that  it  cannot  live. 
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In  this  entire  system  of  stratification  in  the  universe,  the 
relative  location  of  each  layer  may  be  the  result  of  accident  or 
circumstances,  but  it  is  always  liable  to  change.  In  the  case  of 
the  "layers"  of  human  society,  some  important  changes  have 
been  effected  rather  suddenly  by  revolution;  but  most  of  the 
changes  occur  by  the  slower  and  better  process  of  evolution. 
The  important  principle  of  the  *  ^survival  of  the  fittest'*  is  always 
in  operation  here,  for  there  is  continual  battling  by  contending 
forces,  the  weak  being  crushed  or  thrust  aside  by  the  strong. 
The  social  or  civic  level  occupied  by  any  class  in  human  society 
is  at  the  point  of  balance  or  equilibrium  between  its  own  efforts 
to  rise  to  higher  levels  and  the  efforts  of  other  classes  to  prevent 
them  from  rising  in  order  to  take  their  place. 

It  is  my  opinion,  as  it  is  also  that  of  many  of  my  colleagues 
who  have  given  careful  thought  to  the  matter,  that  as  a  pro- 
fessional class,  we  are  entitled  to  occupy  a  higher  station  and 
to  receive  greater  consideration  and  respect  than  have  been 
accorded  us  by  the  public.  I  will  not  deny  that  we  have  made 
considerable  progress  in  the  direction  of  social  respectability 
and  higher  civil  status.  A  recent  review  of  the  evolution  of 
the  engineer,  in  the  London  TimeSj  contains  the  interesting 
statement  that  **  Considerably  less  than  a  hundred  years  ago 
engineers  in  the  navy  took  rank  next  below  carpenters*^  It  is 
most  gratifying  to  realize  that,  in  the  present  day,  in  all  the 
navies  of  the  world,  the  engineer  is  in  the  '^officer'*  class  and  that, 
at  least  in  our  navy,  many  of  them  have  attained  the  "Admiral** 
class. 

In  an  address  on  "the  position  of  the  engineer  in  civic  and 
social  life'*  presented  before  an  Austrian  technical  society  in 
.  1877*,  one  finds  ample  evidence  that  the  civil  and  social  status 
of  the  engineer  were  then  far  from  satisfactory  to  the  engineers 
themselves.  There  is  lament  over  the  fact  that  the  older  pro- 
fessional classes,  which  had  hitherto  divided  the  world  amongst 
themselves,  looked  upon  engineers  as  "upstarts'*  and  "intruders". 
We  may  still  be  considered  "intruders'*  by  the  lawyers  and 
politicians  who  fill  the  positions  that  we  engineers  alone  are 
qualified  to  fill  properly  on  public  service,  public  works,  and 

*  "Die  Stellung  der  Techniker  in  staatlichen  und  socialen  Leben." 
Vortrag  des  Herrn  Hofrathes  M.M.  Freiherr  von  Weber.  Gehalten  am 
17  Feb.  1877.  Wochenschrift  des  Oesterreischischen  Ingenieur  und 
Architekten  Vereins.  Vol.  II,  Feb.  1877,  pp.  59-60.  Mar.  pp.  85-88. 
(To  be  found  in  A.  I.  E.  E.    Library,  Mailloux  collection^ 
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Other  commissions  dealing  mostly  with  engineering  questions; 
but,  at  least,  we  are  no  longer  called  such  harsh  names.  So 
we  have  made  some  progress, — ^just  enough,  perhaps,  to  show 
how  far  we  are  still  from  where  we  ought  to  be.  The  following 
passage  in  the  address  is  well  worth  quoting:  "Only  in  rare, 
exceptional  cases,  do  we  see  engineers,  even  in  matters  of  speci- 
fically technical  character,  vested  with  the  authority  which 
gives  the  ultimate  final  decision;  indeed,  they  are  never  in  the 
majority  in  the  deciding  body*'.  Further  on,  in  the  same  address 
the  statement  is  made  that  the  final  deciding  power  in  matters 
of  the  kind  already  mentioned  remains  '4n  the  hands  of  lay- 
men, and  that  the  preponderating  majority  is  composed  of 
amateurs  generally  having  a  pronounced  legal  *  tinge". 

These  remarks,  thirty-seven  years  old,  need  practically  no 
revision  for  presentation  before  an  American  engineering  society 
today.  They  still  report  the  conditions  quite  correctly.  The 
author  calls  attention  to  the  fact  that  the  civil  and  social  status 
of  the  engineer  are  higher  in  France  and  in  England  than  in  the 
German  countries.  The  engineer  has  never  been  regarded  and 
treated  in  the  former  countries  as  an  "  upstart "  or  an  * 'intruder". 
Of  the  French  engineer,  the  paper  says  that  his  education  not 
only  equips  him  with  the  necessary  knowledge  and  preparation 
for  the  fulfillment  of  all  his  technical  duties,  but  that  it  makes 
him,  in  general  culture,  good  breeding  and  social  tone,  equal  to 
members  of  all  other  social  classes,  and  that  he  is,  therefore, 
received  and  acknowledged  as  such  without  any  opposition. 
This  passage  is  interesting  as  evidence  of  the  benefits  attainable 
from,  the  kind  of  training  which  supplements  technical  adeptncss 
and  dexterity  by  the  development  of  personal  character  along 
intellectual,  cultural,  social,  civic  and  ethical  lines.  The  article. 
concludes  as  follows: 

"  Let  us  set  aside  small  jealousies  and  controversies,  let  us  help  uplift 
each  other  reciprocally  and  in  that  way  also  raise  ourselves  in  the  esti- 
mation of  the  world, — let  us  stand  fast,  shoulder  to  shoulder,  in  healthy 
solidarity  against  the  outside  influences  which  begrudge  us  equality  ot 
privilege  with  the  older  professional  classes,  and  which  strive  to  shut  us 
out; — let  us  show,  by  our  own  discipline,  that  we  are  qualified  to  advise, 
to  direct,  to  lead,  in  the  highest  capacities,  and  let  us  be  on  all  occasions 
gentlemen  in  disposition   and   deportment. 

"The  conquest  of  that  position  in  civil  and  social  life  for  which  we  are 
striving  and  which  belongs  of  right  to  us,  on  the  strehgth  of  ourknowl- 
etlge  and  ability,  will  then  result  without  fail." 

It  would  be  difficult  to  improve  upon  this  good  advice  even  at 
this  later  date.     The  fact  that  it  is  still  so  g:ood  shows  that  it  is 
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till  needed;  for  the  milletiium  expected  thirty -seven  years  ago 
3  not  yet  quite  here. 

Thisple^for  the  proper  recognition  of  engineers,  as  a  professional 
lass,  though  based  upon  justice,  is,  in  a  sense,  a  selfish  one,  and, 
a  urging  it  too  strongly,  we  might  expose  ourselves  to  the  charge 
f  being  actuated  by  a  desire  to  gratify  professional  pride  or 
'anity.  Fortunately,  the  real  motive  for  the  evolution  of  the 
ngineer  in  social  and  civic  directions  is  one  that  is  quit«  altruis- 
ic,  for  the  benefits  which  will  result  from  it  for  the  engineering 
irofession  will  be  trifling  in  comparison  with  the  benefits  to  the 
ommunity,  to  the  state,  and  to  humanity  in  general.  This  may 
eem  to  be  a  broad  statement,  but  it  can  be  demonstrated. 

We  know  that  it  is  the  engineer  who,  in  the  last  hundred  years, 
las  effected  the  marvelous  transformation  in  the  material  condi- 
ions  of  life  and  in  the  activity  of  communities  which  are  start- 
ing to  the  historian,  and  which  seem  revolutionary  to  the  super- 
icial  observer.  The  engineer  has  been  too  busy  himself  with 
.he  multifarious  details  of  this  gigantic  task  to  note  that 
vhat  he  has  done  has,  in  reality,  reacted  upon  the  whole 
Jtructure  of  civilization  to  an  extent  so  great  that  profound  al- 
terations, if  not  entire  remodeling  and  reconstruction,  are  needed 
;o  restore  balance  and  equilibrium.  Now,  in  this  task  of  indus- 
;rial,  social,  economic,  and  political  rearrangement  and  read- 
ustment,  there  is  work  for  all  classes;  and,  considering  the  highly 
;echnical  character  of  many  of  the  problems  involved,  there  is, 
especially,  much  work  for  which  the  training  and  experience  of  the 
engineer  are  important  if  not  indispensable  qualifications.  It 
s  here  that  we  need  the  voice  and  authority  of  the  citizen  who 
s  also  an  engineer;  but  his  place  is  taken  and  his  authority  as- 
;umed  by  the  lawyer,  the  politician,  the  agitator  and  the  utopist, 
}ach  having  as  little  useful  technical  knowledge  as  the  other,  but 
3ach  presuming,  nevertheless,  to  be  an  expert  and  an  authority 
Dn  questions  that  are  beyond  his  ken.  Let  us  note  here  a  signifi- 
cant fact.  Public  opinion  holds  so  much  in  consideration  and  has 
50  much  respect  for  the  older  professional  classes, — law,  medicine 
and  theology, — that  it  would  not  tolerate  the  suggestion  that 
the  tribunals  of  justice  should  be  administered  by  others  than 
jurists,  that  questions  of  sanitation  or  hygiene  should  be  decided 
by  others  than  medical  men,  or  that  moral  questions  should 
be  settled  by  others  than  clergymen  When,  however,  it  comes 
to  questions  involving  scientific  and  engineering  knowledge, 
public  opinion  seems  to  be  satisfied  to  let  them  be  discussed  and 
settled  by  anybody  whatever,  preferably  by  others  than  engineers. 
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In  older  times,  men  could  qualify  for  handling  the  problems 
of  the  civilization  of  their  day  without  reference  to  technical 
science,  as  knowledge  of  law  and  religion  was  the  fundamental 
requirement.  A  very  little  science  went  a  long  way  in  an  age 
when  sophistry  and  credulity  were  at  a  premium.  As  a  result 
of  the  rapid  progress  of  civilization  along  scientific  lines,  the  im- 
portance of  law  and  religion  now  sinks  into  insignificance,  in  com- 
parison with  science  and  technical  knowledge  as  qualifications 
for  dealing  with  the  problems  presented  for  solution.  It  does  not 
require  much  thought  or  imagination  to  see  that,  in  a  society 
which  is  becoming  daily  more  and  more  dependent  upon  science 
and  engineering  'for  its  welfare  and  well-being,  aye,  for  its  very 
existence,  there  is  more  and  more  room  and  need  for  men  of  tech- 
nical training  at  the  helm  in  public  affairs. 

Some  thirty  years  ago,  the  then  president  of  these  United 
States  stated  that  **  we  are  confronted  by  a  condition,  not  a 
theory."  Today,  we  have  a  different  state  of  affairs.  We  are 
confronted  by  both  conditions  and  theories,  more  especially  by  a 
great  number  and  variety  of  theories,  many  of  them  of  question- 
able soundness.  This  conglomerate  condition  is  owing  to  the 
fact  that  we  have  too  many  **  quacks",  and  not  enough  **  doc- 
tors", in  economics. 

A  sage  of  bygone  times  uttered  the  aphorism  that  there  is  no 
royal  road  to  learning.  Now,  the  world  would  not  be  so  much 
disturbed  or  inconvenienced,  if  it  were  only  royalty  that  aspired 
to  acquire  learning  without  having  to  pay  the  price.  Unfor- 
tunately, that  disposition  has  become  epidemic  at  the  y^resent 
time,  and  what  is  still  worse,  the  appearance  is  often  accepted 
for  the  reality,  so  far  as  knowledge  is  concerned,  more  especially 
knowledge  of  civics  and  economics. 

The  framers  of  the  constitution  of  the  United  States,  in  niakinjj 
a  general  statement  that  ''  all  men  are  bom  free  and  equal/' 
without  making  it  clear  that  they  meant  freedom  and  equality 
in  a  civic  and  legal  sense,  rather  than  in  a  social  or  intellectual 
sense,  left  room  for  much  misunderstanding  and  confusion. 
The  untutored  mind  finds  encouragement  here  for  the  notion 
that  one  man's  opinion  is  as  good  as  another's.  He  docs  not 
distinguish  between  the  ri^hl  to  ex]jress  an  o])ini()n,  which  is  a 
matter  of  law,  and  the  value  and  authorily  of  that  o]jini(m,  which 
are  matters  of  knoivledfie.  He  forgets  that  while  the  right 
may  not  be  disputed,  the  authority  may  be  both  disputed  and 
denied.     This  self-constituted   authority  is  a  source   of   great 
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mischief,  and  it  is,  perhaps,  the  indirect  cause  of  much  of  our 
social  unrest  or  political  inconsistencies  and  our  economic  dis- 
turbances. We  are  forced  to  realize  and  to  admit  that  it  puts 
a   premium    on   ignorance. 

The  same  process  of  reasoning  that  makes  a  man  think  he 
is  an  authority  on  all  political  questions  makes  him  a  parti- 
san of  direct  legislation  in  its  most  radical  forms.  Instead  of 
matters  being  improved,  they  are  made  worse.  The  reason  can 
readily  be  seen.  The  burdens  thrown  upon  the  individual 
increase  in  proportion  with  the  responsibilities  which  he  assumes. 
In  presuming  to  deal  with  and  pass  upon  all  civic,  economic  and 
political  questions  directly,  instead  of  delegating  them  to  rep- 
resentatives, he  assumes  implicitly  the  responsibility  for  in- 
forming himself  about  every  matter,  and  getting  at  least  as 
intelligent  a  grasp  and  comprehension  of  it  as  the  representative 
is  presumed  to  have.  But  here  is  precisely  where  the  trouble 
arises.  Many  of  the  questions  which  he  ha^  undertaken  to 
answer  for  himself,  in  doing  away  with  representatives  and 
proxies,  and  in  becoming  his  own  authority  and  guide,  are  ques- 
tions involving  and  requiring  more  or  less  thought  and  study  and 
inquiry  into  facts.  It  is  work  of  a  kind  for  which  the  average 
citizen  has  not  the  time  or  the  inclination,  even  if  he  had  the  ap- 
titude and  the  training.  How  can  enlightened  thought  and 
opinion  and  rational  action  be  realized  under  such  circumstances? 
It  seems  natural  to  expect  that  most  of  the  untutored  and  in- 
different minds  in  the  community  will  either  jump  at  conclusions 
or  arrive  at  them  in  a  very  superficial  way,  very  much  as  one  may 
try  to  get  the  news  by  merely  reading  the  heavy  headlines  in  a 
newspaper.  In  such  a  case,  it  is  very  important  that  the  head- 
lines should  be  set  up  by  men  who  are  intelligent,  well  informed 
and  honest. 

It  is  a  momentous  question  which  is  asked  when  we  inquire 
whither  the  untutored  citizens,  who  constitute  always  such  a 
large  part  of  the  whole  mass,  will  turn  to  read  these  headlines, 
in  their  search  for  information;  and  the  answer  is  far  from  reas- 
suring. Some  may  read  them  in  the  sermon  of  a  popular  divine 
who  is  trying  to  fill  the  pews  by  observations  on  civics,  economics, 
and  other  technical  subjects  of  which  he  knows  precious  little. 
Others  may  read  them  in  the  speeches  and  harangues  of  agitators 
and  fanatics,  and  no  doubt  many  others  find  them  in  the  comer 
saloons  in  the  vaporings  of  some  would-be  sage,  who,  after 
finding  inspiration  at  the  bar,  tries  to  imitate  the  sapient  **  Mr. 
Dooley  ''  in  solving  the  world's  problems. 
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The  sum  total,  the  net  result,  of  all  this  dilettantism  is  a 
condition  wherein  the  blind  are  leading  the  blind.  All  this 
confusion,  and  all  the  blundering  which  it  entails,  could  be 
and  may  be  avoided  by  putting  men  and  things  back  into 
their  proper  places.  In  seeking  for  causes,  we  are  brought  face 
to  face  with  important  facts.  First,  the  present  disregard 
for  knowledge  and  authority  among  the  masses,  and  the  trans- 
ition from  a  state  or  condition  where  a  few  privileged  profes- 
sional classes  or  sects  were  the  only  ones  who  presumed  and  were 
permitted  to  think  and  pronotmce  on  public  questions,  to  a 
state  where  all  classes  and,  in  fact,  all  individuals,  assume  the 
right  and  authority  to  do  so,  are  undoubtedly  consequences 
of  long-continued  abuse  of  authority  by  those  who  presumed  to 
be  the  oracles  of  the  people,  and  made  believe  that  they  knew 
all  about  things  which,  in  reality,  they  did  not  know.  Second, 
it  is  mainly  lack  of  scientific  knowledge  that  has  caused  the  old- 
time  oracles  to  fall  from  grace  in  the  popular  estimation.  The 
days  when  scientific  facts  could  be  over-ridden  and  overshadowed 
by  rhetoric  and  oratory,  are  passed.  An  oimce  of  technical 
knowledge  is  worth  a  ton  of  imagination,  when  it  comes  to 
handling  scientific  facts.  The  public  lost  confidence  in  its 
oracles  because  it  found  out,  in  time,  that  it  is  more  important 
for  statements  to  be  true  than  to  be  merely  plausible.  Third, 
the  public  is  not  to  blame  for  not  having  given  to  men  of  scientific 
training  an  opportunity  to  enlighten  and  advise  it  in  matters 
of  scientific  fact  and  knowledge.  The  blame  lies  with  the  men 
of  the  scientific  class  themselves,  for  having  allowed  the  public, 
as  a  body  politic,  to  remain  in  ignorance  of  their  very  existence, 
to  say  nothing  of  their  qualifications.  It  is  unfortunately  too 
true  that  the  civil  and  social  status  of  the  professional  engineer 
are  far  from  being  well  defined  in  the  mind  of  the  general  public. 
Indeed,  there  are  indications  that  the  scientific  education, 
training,  and  experience  of  the  professional  engineer  are  vcf}' 
little  understood  and  appreciated  in  the  community.  It  is 
not  strange,  therefore,  that  the  professional  engineer  should, 
by  many,  be  regarded  as  merely  a  higher  grade  of  skilled  mechanic 
or  artisan.  To  remedy  this  condition,  steps  should  be  taken 
to  inaugurate  and  carry  on  a  campaign  of  education  of  the 
public,  with  the  object  of  acquainting  it  with  the  engineering 
class.  It  is  time  that  engineers  should  assert  themselves  as  a 
class  and  let  the  public  see  that  they 'satisfy  very  substantially 
the  requirements  of  an  intellectual  class,  and  one  of  more  than 
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average  grade,  as  well  as  of  high  civic  character;  that,  as  such, 
they  are  qtialified  to  render  important  service.to  the  community 
and  to  the  state,  and  are  entitled  to  recognition. 

I  wish,  at  this  point,  to  make  it  plain  and  emphatic  that  the  kinds 
of  service  and  of  recognition  that  I  have  in  mind  are  not  of  poli- 
tical, but  more  of  civic,  social  and  ethical  nature  and  character. 
I  would  be  sorry  to  see  any  body  of  scientific  men  become  a 
political  force  and  acquire  ambition  for  political  power.  It 
would  be  a  lamentable  waste  and  perversion  of  mental  energy 
of  high  quality  and  development.  In  the  beginning  of  this 
portion  of  my  address  I  spoke  of  the  development  of  the  higher 
and  better  sides  of  human  nature,  and  of  the  evolution  of 
character  along  the  lines  of  highmindedness  and  refinement, 
as  the  path  over  which  man  can  attain  to  the  highest  civic  and 
social  planes.  It  is  my  opinion  that  not  only  the  engineering 
class  is  capable  of  this  higher  development,  but  that  it  can  serve 
as  a  strong  leaven  to  promote  that  development  in  the  com- 
munity. In  a  word,  I  believe  that,  just  as  engineering  has 
helped  materially  to  improve  physical  conditions,  so  the  en- 
gineering class  can  help  materially  to  improve  civic,  ethical, 
economic  and  even  moral  conditions,  in  modem  life.  The 
education,  the  training  and  the  experience  of  the  engineer 
fit  him  especially  for  such  a  mission.  He  has  to  deal  less  with 
fiction  and  more  with  facts  than  most  men  of  other  intellectual 
classes.  He  learns  early  to  understand  and  appreciate  the 
vahie  and  the  utility  of  scientific  method  and  precision  in  his 
habits  of  thought  and  expression  as  well  as  in  his  work.  He 
also  learns  early  to  distinguish  between  the  classes  of  subjects 
with  which  he  is  competent  to  deal,  and  on  which  he  may  pre- 
sume to  speak  authoritatively,  and  those  classes  of  subjects 
ivhich  are  not  within  his  sphere  or  his  scope,  and  in  reference 
to  which  it  would  be  absurd  or  even  impertinent  for  him  to 
pose  as  an  authority.  He  knows  that  specialties  in  intellectual 
ivork  arise  from  the  limitations  of  individual  mental  aptitude 
sind  energy,  and  he  is  willing  to  concede  that  the  specialist  is  likely 
to  have  more  and  better  knowledge  of  a  given  subject  than 
the  amateur.  He  might  presume  to  express  an  opinion  on  sub- 
jects involving  scientific  or  technical  facts;  he  would  hesitate 
to  express  one  on  subjects  involving  scientific  hypotheses  or 
■heories;  and  he  would  be  quite  reticent  on  subjects  involving 
metaphysical  considerations  or  speculations.  The  subjects  of 
the  class  first  mentioned  may  be  presumed  to  be  wholly  within 
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his  sphere;  those  of  the  next  class  are  likely  to  be  only  partly 
so;  and  those  of  the  last  class  are,  as  a  rule,  entirely  outside  of 
his  sphere.  The  man  who  has  been  taught  and  trained  to 
exercise  such  discrimination  and  discretion  is  qualified  for  sane, 
sound,  rational,  logical  thinking;  he  is  apt  to  be  more  careful 
and  acciu'ate  in  his  statements ;  he  usually  says  what  he  means 
and  means  what  he  says ;  and  his  opinions  are  bound  to  carry 
weight  and  receive  consideration.  They  make  an  interesting 
contrast  with  those  of  the  man  who  undertakes  to  cover  all 
subjects  with  equal  "fluency**.  It  is  well  known  that,  as  a 
rule,  engineers  and  scientific  men  are  more  conservative  in 
their  statements  than  most  men  of  the  other  educated  and 
intellectual  classes.  This  is  the  result  of  a  better  appreciation 
of  the  limitations  of  all  human  knowledge  and  of  the  importance 
of  precision  in  thought  and  expression;  it  is,  in  a  word,  the  re- 
sult of  better  intellectual  perspective  and  mental  balance.  These 
qualities  are  very  valuable  in  the  citizen,  in  the  member  of  a  com- 
munity, as  they  are  known  to  be  in  the  engineer  entrusted  with  im- 
portant tasks.  They  only  need  to  be  known  to  be  appreciated. 
They  should  enable  the  engineer  to  command  the  respect  and 
receive  the  consideration  of  the  general  public,  for  they  are 
bound  to  place  him  on  a  high  civic  plane,  and  make  him  an 
exemplar  for  the  rest  of  the  community. 

That  is  the  position  to  which  I  would  like  to  see  the  engineering 
class  attain.  The  other  educated  intellectual  classes  have  had 
their  '*  inning," — their  opportunity.  Ours  is  yet  to  come. 
Deserve  success  and  vou  shall  command  it.  We  must  deserve 
and  we  shall  obtain  the  confidence  of  the  community ;  and  when 
we  secure  it  we  must  retain  it,  by  continuing  to  deserve  it.  The 
engineering  class  can  scarcely  expect  to  reach  the  goal  at  one 
bound.  It  must  expect  to  attain  the  higher  position  to  which  it 
is  entitled  among  the  thinking  and  intellectual  classes  by  succes- 
sive stages.  It  should  delay  no  longer,  however,  in  making  a 
start  and  in  taking  the  first  steps. 

I  have  not  by  any  means  exhausted  the  subject.  There  is  a 
great  deal  more  to  be  said,  but  I  shall  be  content  if  I  have  aroused 
your  attention  to  the  importance  of  not  neglecting  our  evolution 
along  social  and  civic  lines,  and  beyond  the  purely  technical  and 
professional  lines  which  we  have  hitherto  looked  upon  too  much 
as  being  our  final  goal  and  the  highest  realization  of  our   ideals. 

I  will  offer,  by  way  of  conclusion,  some  thoughts  summing 
up  the  situat'on,  which,  I  hope,  will  receive  your  careful  considera- 
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tion  and  will  be  borne  in  mind  by  you  as  having  an  important 
bearing  upon  the  further  evolution,  in  a  civic  and  social  sense, 
of  the  members  of  this  Institute. 

I.  The  Institute  has  made  most  satisfactory  progress  in  the 
development  of  the  activities  and  forces  which  conduce  to  its 
eflSciency,  which  enhance  its  merits  and  enlarge  its  reputation 
as  a  forum  for  the  discussion  of  questions  and  the  study  of  prob- 
lems in  theoretical  and  applied  electrical  science.  Its  evolu- 
tion in  that  sense  and  direction  has  been  rapid  and  healthy ;  and 
it  bids  fair  to  continue  to  expand  its  sphere  of  usefulness. 

II.  The  membership  of  the  Institute,  as  a  whole,  has  shown 
extraordinary  devotion  and  loyalty  to  its  interests,  and  a  most 
edifying  zeal  in  constant  efforts  to  place  it  on  a  high  plane 
among  the  engineering  societies  of  the  world. 

III.  The  members  of  the  Institute,  as  a  class,  have  great 
respect  for  high  professional  ideals  and  ethics,  and  they  have 
given  enthusiastic  and  strong  support  to  all  movements  and 
measures  tending  to  their  development  in  the  Institute. 

IV.  The  members  of  the  Institute,  in  common  with  those 
in  the  other  engineering  societies  in  this  country,  have  paid 
but  little  attention  to  the  cultivation  of  professional  ideals 
outside  of  the  Institute. 

V.  As  electrical  men  we  have  pre-empted  and  we  hold  a  high 
position  in  that  inner  world  which  constitutes  the  engineering 
hierarchy.  We  have  not  attained  the  same  high  relative  rank 
and  position  in  the  outer  world,  in  civil  and  social  life. 

VI.  In  spite  of  the  wonderful  achievements  which  we  have 
performed  and  the  great  contributions  to  the  progress  of  civili- 
zation for  which  we  deserve  substantially  the  entire  credit,  we 
do  not  hold  the  place  in  the  social  scale  that  is  commensurate 
with  our  professional  attainments  and  our  social  qualifications. 

VII.  We  have  measured  our  weight  and  influence  as  a  class 
by  reference  to  what  we  think  of  each  other,  and  by  our  mutual 
respect  and  consideration  for  each  other,  forgetting  that  our  social 
position  and  status  are  determined  wholly  by  what  the  outside 
world  thinks  of  us,  or  the  respect  and  consideration  which  it 
accords  usj  or  which  we  demand  and  obtain  from  it. 

VIII.  The  time  has  arrived  when  the  members  of  the  In- 
stitute should  develop  a  class  spirit  through  which  a  man  in  the 
engineering  profession  can  attain  to  the  place  and  high  honor  and 
consideration  to  which  he  is  entitled  among  the  other  profes- 
sional classes. 
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quality  of  work  creating  a  popular  demand  in  many  classes  of 
apparatus. 

Electric  air  heating  of  spaces,  upon  which  we  will  go  into 
detail  in  this  paper,  is  now  rapidly  coming  into  popular  demand, 
its  advantages,  property  applied,  making  it  a  worthy  competitor 
of  other  methods  of  air  heating  in  marine  engineering.  The 
increased  cost  of  operation  over  steam  heat,  although  high 
in  proportionate  percentage,  is  not  very  great  in  actual  dollars, 
in  view  of  the  low  cbst  of  generation  of  electric  power  aboard 
ships,  and  is  further  balanced  by  the  convenience  of  locating  the 
heat  source  where  most  efficient  use  of  it  can  be  made,  the  sim- 
plicity and  low  first  cost  of  installation,  especially  where  the  air 
space  to  be  heated  is  far  from  the  boiler  or  engine  room,  the  pos- 
sibility of  reliable  automatic  control  of  temperature,  the  low  cost 
of  repairs  with  little  attention  required,  and  the  improved  quality 
of  service  with  freedom  from  leaks,  noises,  disagreeable  odors 
and  the  other  inherent  objections  to  steam  heating  systems. 

In  some  cases  in  the  past,  electric  air  heating  systems  have 
been  failures,  but  usually  these  have  been  traced  down  as  re- 
sulting either  because  the  apparatus  installed  was  the  wrong 
design  or  insuflScient  for  the  conditions,  the  conditions  such 
that  an  electric  air  heating  system  should  never  have  been 
selected,  or  the  particular  electric  heating  system  installed  did 
not  suit  the  conditions  existing.  In  some  places  a  small  two- 
or  three-lamp  radiant  heater  was  installed  to  heat  a  compara- 
tively large  space,  the  small  radiator  being  selected  probably 
because  of  high  cost  of  power  or  because  of  the  desire  for  ap- 
pearances rather  than  for  perfonnance.  It  should  be  carefully 
considered  before  electric  heating  is  installed  whether  the  ad- 
vantages of  this  system  will  overbalance  the  reduced  cost  of 
operation  with  steam,  as  unsatisfactory  results  in  some  past 
installations  have  proved  hard  handicaps  to  overcome,  and  have 
prevented  installations  that  would  have  been  very  creditable. 
Care  should  be  taken  in  selecting  the  design  of  heater  and  most 
appropriate  method  of  installation,  rather  than  placing  appear- 
ances first,  with  a  resultant  sacrifice  of  efficiency,  which  appears 
to  have  been  the  practise  in  some  past  installations.  As  with 
electric  cooking  and  industrial  a])paratus,  electric  air  heating 
can  compete  with  other  systems  only  because  of  its  adaptability, 
and  this  must  be  considered  and  made  use  of  or  the  system 
will  be  found  unsuccessful. 

Heat  is  dissipated,  as  we  know,  by  conduction,  radiation  and 
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convection.  In  considering  electricity  for  space  heating  on 
shipboard  we  encounter,  as  a  rule,  metal  bulkheads  and  decks 
which  are  good  conductors  of  heat,  and  every  effort  should  there- 
fore be  made  to  minimize  conduction  losses.  The  radiant  and 
convector  heaters,  named  from  the  manner  in  which  the  heat  is 
furnished,  have  different  conditions  to  meet. 

The  radiant  heaters  or  electric  radiators  dissipate  the  heat 
principally  by  sending  off  radiant  energy,  raising  the  temperature 
of  opaque  bodies  in  its  path,  and  as  they  respond  instantly  when 
turned  on,  have  been  found  adaptable  where  a  small  amount  of 
immediate  warmth  and  intermittent  use  is  required,  such  as  in 
rooms  not  in  general  use,  and  where  it  is  not  desired  that  the 
temperature  of  the  entire  room  be  increased.  Their  efficiency  for 
space  heating  on  shipboard  depends  upon  the  material  of  the 
bulkheads  and  decks.  As  these  are,  as  a  rule,  metal,  which 
is  a  very  good  conductor  of  heat,  a  large  part  of  the  radiant 
energy  is  converted  into  heat  upon  striking  the  bulkheads  and 
decks,  is  carried  by  conduction  through  the  skin  of  the  ship 
to  the  water  and  lost,  or  carried  through  the  bulkheads  and 
decks  tOv  the  surrounding  compartments  and  lost  so  far  as  the 
individual  compartments  are  concerned.  A  feature  observed 
in  the  radiant  heater,  worthy  of  mention,  is  the  feeling  of  satis- 
faction when  sitting  in  front  of  it  (absent  in  a  convector),  caused 
by  the  cheerful  glow  present  and,  as  has  been  stated  by  some 
authorities,  the  additional  possibility  of  a  physiological  effect 
caused  by  the  radiation  of  the  higher  frequency  rays  of  infra-red, 
such  as  is  experienced  in  sun  baths. 

Convectors  heating  the  air  in  contact  with  resistance  units, 
start  convection  currents  which  increase  and  maintain  the 
temperature  of  the  whole  room.  In  space  heating,  where  the 
surrounding  walls  are  of  metal,  it  has  been  seen  that  radiant 
heaters  are  inefficient  in  heating  the  air,  and  for  this  same  reason 
in  convectors  the  radiation  losses  should  be  kept  down  to  a 
minimum.  As  the  radiation  increases  as  a  function  of  the  tem- 
perature, the  temperature  of  the  element  should  be  kept  low. 
Also  it  is  better  to  heat  a  large  volume  of  air  a  few  degrees  than 
a  small  volume  of  air  a  proportionately  greater  number  of  de- 
grees. The  former,  instead  of  rising  rapidly  to  the  top  of  the 
room  and  there  losing  its  heat  through  the  metal  deck  above, 
will  spread  out  more  and  warm  by  convection  the  air  of  the  whole 
room. 

To  indicate  the  division  of  forms  of  heat  dissipated  by  the 
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coavector  and  radiant  heaters  the  following  was  experimentally 
determined,  using  standard  constructions: 

Radiant    heater     Convector  heater 
Convected  heat. ...     40  per  cent  00  per  cent 

Radiated  heat 55  per  cent  5  per  cent 

Conducted  heat. ...       5  per  cent  5  per  cent 

The  design  o£  radiator  appears  to  have  settled  on  the  glow-lamp 
type,  although  resistance  wires  operating  at  a  red  heat  are  coming 
into  use.  The  location  of  the  radiator  is  facing  and  within  three 
or  four  feet  from  the  person  using  it.  In  the  standard  designs  of 
radiant  heater,  the  glow  lamp  is  the  source  of  heat,  and  the 
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commercial  designs  include  two,  three  and  four-lamp  units,  the 
lamps  being  either  250  or  500  watts  each,  as  desired. 

The  design  of  convector  heaters  of  the  various  manufacturers 
differs  principally  in  the  details  of  construction  of  the  heating 
units.  The  formation  of  resistance  units  constructed  of  special 
resistance  wire  or  ribbon,  insulated  and  ])rotectcd  in  various  ways, 
and  operating  as  close  as  practicable  to  a  tempcraluro  best  suited 
for  the  supisly  of  convected  heat,  mounted  in  a  manner  to  permit 
of  efficient  circulation  of  air,  protected  by  a  strong  guard  which 
does  not  restrict  circulation  and  [provided  with  a  properly  shaped 
deflector  to  give  distribution  of  air  desired,  makes  up  this  form 
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of  heater.  Practise  hassettleduponalong,  low  heater  as  prefer- 
able, which  design,  aided  by  a  properly  shaped  deflector,  permits 
of  sending  the  heated  air  out  from  the  floor,  where  better  mixture 
and  uniformity  of  temperature  is  obtained  without  the  danger 
of  concentration  of  high  heat  at  the  ceiling  with  a  greatly  re- 
duced temperature  lower  down,  A  case  has  been  cited  of  poorly 
installed  heaters  where  the  upper  berths  of  staterooms  have  been 
surrounded  by  air  at  such  a  high  temperature  to  make  it  uncom- 
fortable, whereas  a  glass  of  water  placed  on  the  floor  has  been 
close  to  the  freezing  point. 
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The  design  of  the  heating  element  is  influenced  greatly  by  the 
desired  standard  of  safety  to  be  upheld,  and  this  has  brought  out 
designs  where  the  vibration  and  jar  of  marine  service  cannot 
cause  disarrangement  and  possible  arcing.  Insulation  of  the 
supporting  feet  to  prevent  conduction  of  heat  to  the  steel  deck 
and  bulkheads  is  looked  after  during  installation  and  need  not  be 
considered  in  the  design  of  the  heater.  The  essential  require- 
ments of  convector  heaters  are  long  life.maximumheat  by  con- 
vection available  in  a  comparatively  short  time,  a  construction 
conveniently  installed,  safety,   good  appearance,  and  a  flexible 
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design  for  different  capacities  desired  in  the  various  locations. 

The  operation  of  various  designs  of  convector  heaters  is  shown 
by  the  following  curves  obtained  experimentally: 

Fig.  1  shows  the  convected  air  by  natural  draft  measured  by 
anemometer  and  indicates  the  cubic  feet  of  air  heated  one  deg. 
cent,  per  watt-minute.  This  figure  also  contains  a  sketch  show- 
ing the  manner  in  which  the  convected  air  was  measured. 

Fig,  2  shows  the  air  heated  by  forced  horizontal  draft,  in- 
dicating in  cubic  feet  of  air  heated  one  deg.  cent,  per  watt -minute, 
and  shows  the  variation  with  velocity  of  the  operation  obtained, 
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and  is  useful  in  considmny  such  heaters  for  indirect  heating,  in 
which  the  heaters  arc  placed  in  the  ventilating  ducts. 

Fig.  3  shows  the  temperature  rise  of  heating  elements  plotted 
against  time  for  the  respective  heaters,  and  is  useful  in  judging  the 
performance  of  such  heaters. 

Fig.  4  shows  the  temperature  distribution  taken  in  a  room  12  ft, 
by  21  ft.  and  17  ft.  high,  with  and  without  the  use  of  deflectors  of 
various  shapes  (see  Fig.  11),  and  using  one  heater.  Fig.  5  shows 
the  temperature  distribution  in  the  same  room  as  Fig.  4,  only 
with  the  heater  placed  in  the  center  of  the  room. 

Fig.  6   shows   the   temperature   distribution  in  a  room  8  ft. 
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by  15  ft.  and  9  1/2  ft,  high  with  heater  placed  at  the  side  of  the 
room  and  using  deflectors  of  various  shapes. 

Fig.  7  shows  the  dimensions  of  the  living  compartment  in  a 
submarine,  and  the  results  of  tests  of  heating;  Pig.  8  shows  the 
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dimensions  of  inner  and  outer  staterooms  and  the  results  of 
tests  of  heating,  and  Fig.  9  shows  comparative  rise  of  inner  and 
outer  staterooms,  using  enclosed  and  bare  resistance  type  heating 

elements. 


' — Heating  Tests  on  Submarine. 

Tcmcccaturei  in  Ccniigrsdc 


Fig.  10  gives  a  comparison  between  glow  and  convcctor  types  of 
heater  as  regards  convected  heat  given  off,  and  Fig.  1 1  shows  the 
types  and  arrangement  of  deflectors  used  in  obtaining  the  data 
for  the  curves  herewith. 
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From  results  of  tests  conducted  during  this  investigation  the 
following  general  results  were  obtained : 

(1)  For  each  1000  cubic  feetof  space,  1500  watts  input  is  requir- 
ed to  maintain  the  temperature  of  air  space  of  staterooms  at  70 
deg.  fahr.,  based  on  the  heater  being  installed  in  the  center  of  the 
space,  having  an  average  height  of  7.5  ft.,  and  also  based  on  re- 
placing the  entire  space  of  air  at  outside  temperature  of  32  deg. 
fahr.  every  quarter  of  an  hour. 

(2)  Where    heaters    are    placed    as    in    paragraph    (1),  but 
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installed   with  deflector  of  design  No.  2,  the  input  should  be 
1200  watts  for  1000  cubic  feet  space. 

(3)  Where  heaters  are  placed  close   to   a  bulkhead,   without 
a  deflector,  the  input  should  be  1300  watts. 

(4)  Where  heaters  are  placed  close  up  to  a  bidkhead,  and  a 
deflector  of  design  No.  4  is  used,  the  input  shoidd  be  1100  watts. 

(5)  Where  the  space  exceeds  20  ft,  in  either  length  or  width, 
more  than  one  heater  should  be  selected. 

It  has  been  brought  out  by  Dr.  Langmuir  that  the  heat  loss  by 
convection  in  small  wires  is  nearly  independent  of  the  diameter, 
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and  it  has  been  found  in  electric  convectors  that  with  the  units 
at  the  same  temperature,  the  amount  of  convected  heat  given  oflf 
per  watt  input,  increases  when  the  diameter  of  the  unit  is  de- 
However,  as  the  unit  must  be  of  substantial   con- 
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Fia.  10 — Air  Heated   by     Natural   Vertical    Draft — Comparison 
BETWEEN  Glow  and  Convector  Heat. 

stmction,  the  use  of  small  diameter  units  is  precluded,  to  some 
extent,  by  other  considerations. 

Convectors  should,  where  possible,  be  fixed  in  or  near  the  cen- 
ter of  the  room,  but  this  is,  as  a  rule,  impracticable  and  it  becomes 
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necessary  to  secure  them  near  a  bulkhead.  The  effect  of  their 
position  on  the  heating  of  a  room  is  shown  in  Figs.  4,  5  and  6. 
When  mounted  near  a  bulkhead,  the  heaters  should  be  heat- 
insulated  fron  the  bulkhead  and  the  back  of  the  deflector  should 
also  be  heat-insulated  so  that  the  losses  through  the  walls  can 
be  kept  low. 

The  investigation,  the  results  of  which  are  shown  in  preceding 
paragraphs,  was  conducted  in  order  that  the  advantages  of  the 
best  features  of  design  and  installation  might  be  made  use  of  to 
bring  up  the  eflSciency  of  the  installation  and  minimize  the  ob- 
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Fig.  1 1 — Deflectors  Used. 

Material  No.  28  B.  &  S.  gage  sheet  iron. 

jection  to  the  cost  of  electric  air  heating  systems.  The  system  of 
heating  of  spaces  on  shipboard  which  is  now  receiving  most  at- 
tention is  a  combination  of  steam  and  electric.  Air  for  supply 
to  spaces  aboard  ship  is  drawn  in,  by  blowers  from  outside  on  the 
upper  deck,  through  steam  coils  known  as  a  thermo  tank,  and 
delivered  to  the  spaces  at  about  50  deg.  fahr.  In  each  stateroom 
an  electric  convector  heater  is  installed  by  which  any  additional 
increase  in  temperature  is  available  to  the  occupant,  and  such  tem- 
perature may  be  maintained  by  an  automatic  regulator  thermo- 
stat installed  in  the  convector  circuit.   This  very  conveniently  re- 
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out  the  tests  more  carefully,  and  for  longer  periods  of  time,  to 
confirm  this  conclusion. 

The  general  conclusions  as  to  the  adaptability  of  electric 
heaters  in  marine  service  are  encouraging.  The  modem  ship  is 
an  industrial  power  installation  of  the  most  compact  type,  and 
the  improvement  in  load  factor  by  a  mixed  heating  and  cooking 
load  would  make  an  investigation  of  additional  interest. 

Alfred  E.  Waller:  The  curves  shown  in  this  paper,  so  far 
as  rapidity  of  obtaining  heat  is  concerned,  appear  to  indicate 
a  certain  amount  of  advantage  in  favor  of  the  open  wire  coil 
heater.  It  is  my  belief,  however,  that  the  advantages  obtained 
by  using  heaters  with  entirely  protected  coils  more  than  offset  the 
slight  advantage  gained  in  the  quick  heating  of  the  open  coil  type. 

Enclosed  or  protected  resistances  can  be  made  to  reach  their 
maximum  temperature  almost,  if  not  quite,  as  quickly  as  the  open 
type,  and  the  extra  time  required  to  reach  this  maximum  tem- 
perature is  relatively  unimportant  if  we  compare  it  with  the 
total  time  the  heater  is  in  use. 

Suppose,  for  instance,  that  an  open  coil  heater  emits  heat  at 
the  required  rate  twenty  minutes  after  the  switch  is  closed, 
and  an  enclosed  heater  takes  forty  minutes  under  the  same  condi- 
tions. This  is  an  extreme  case,  and  does  not  by  any  means  rep- 
resent the  best  performance  to  be  obtained  with  the  enclosed 
type  heater.  Under  these  circumstances,  if  the  heaters  are  run 
for  twelve  hours,  one  takes  1/36  and  the  other  l/18th  of  the 
total  elapsed  time  to  reach  full  heat. 

Disregarding  this  question  of  initial  heating  until  it  can  be 
further  investigated,  I  recommend  the  use  of  heaters  with  fully 
enclosed  or  protected  resistors,  for  the  following  reasons: 

Heaters  are  designed  with  two  main  objects  in  view — ^the 
first,  that  they  shall  give  off  heat,  and  the  second,  that  they 
shall  continue  to  operate  for  the  maximum  possible  length  of 
time  with  the  minimum  of  repairs  and  replacements  of  units. 
It  seems  therefore  very  necessary  that  the  resistance  element 
shoidd  be  protected  in  some  manner,  so  that  the  moisture  en- 
countered in  marine  service  shall  not  come  in  contact  with  the 
resistance. 

A  protecting  layer  of  insulating  and  heat-conducting  material, 
placed  around  the  resistance  wire  or  ribbon  used  in  a  heater, 
may  be  so  arranged  that  it  will  not  only  exclude  moisture,  but 
will  also  protect  the  resistance  material  against  chemical  deprecia- 
tion or  mechanical  injury  of  any  kind.  The  support  given 
the  resistance  element  throughout  its  entire  length  is  another 
advantage. 

The  possibility  of  short  circuits,  grounds,  and  dropping 
of  molten  metal  which  may  occur  as  a  result  of  bum- out  in  an 
open  coil  resistance  will  be  readily  appreciated.  In  a  properly 
designed  unit  of  the  enclosed  type,  this  danger  is  entirely  elim- 
inated. 

One  objection  which  has  been  urged  against  the  enclosed  type 
is  that  the  weight  is  greater  than  that  of  an  open  type  resistance. 
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This  is  not  necessarily  true,  for  the  enclosed  type  resistance  unit 
may  be  made  considerably  smaller  than  the  open  type,  even  if 
the  total  area  o£  each  heating  unit  is  the  same.  This  is  because 
open  coil  units  must  be  made  of  wire  much  heavier  than  is  nec- 
essary in  constructing  an  enclosed  type  unit,  in  order  that  the 
resistance  may  be  mechanically  strong  enough  to  stand  up  in 
service. 

I  believe  there  is  room  for  considerable  investigation  along 
one  or  two  lines.  One  of  these  is  whether  it  is  not  possible  to 
use  an  enclosed  type  resistance  run  at  a  relatively  high  tempera- 
ture, and  to  surround  this  by  baffle  plates  or  deflectors,  which 
will  cut  off  the  radiant  heat  referred  to  by  the  authors,  and  at 
the  same  time  permit  a  compact,  mechanically  strong  and  ade- 
quately protected  unit  to  be  used. 

Another  point  which  occurs  to  me,  is  the  outside  paint  or  cover- 
ing on  the  heater.  Dr.  Carl  Hering  has  published  a  number  of 
discussions  in  the  last  few  years  on  the  general  subject  of  surface 
resistance  to  thermal  flows.  These  articles  emphasize  the  in- 
fluence which  the  outside  surface  of  a  body  has  upon  the  con- 
vection and  radiation  of  heat.  Related  to  the  same  subject  is 
a  paper  presented  by  Dr.  Irving  Langmuir  before  the  American 
Electrochemical  Society.  In  this  he  discussed  the  effect  of  a 
polished  silver  surface. 

Another  interesting  example  is  a  foundry  of  which  I  have 
heard,  in  which  the  workmen  whitewashed  the  outside  of  the 
furnaces,  because  they  were  then  able  to  work  near  them  in 
more  comfort.  The  whitewash  apparently  had  the  effect  of 
producing  a  high  contact  resistance  between  the  furnace  and  the 
surrounding  air,  and  the  heat  loss  by  radiation  from  the  outside 
of  the  furnace  was  reduced. 

The  temperature  of  the  outside  of  this  furnace  was  found 
to  be  several  degrees  higher  after  the  whitewash  had  been 
applied,  this  being  the  result  of  stopping  part  of  the  emission 
of   heat    by    radiation. 

It  is  an  interesting  paradox,  if  we  consider  two  furnaces  of 
exactly  the  same  type  and  size,  operating  at  the  same  internal 
temperature,  one  whitewashed  and  the  other  not  whitewashed. 
In  this  case,  the  furnace  with  the  hotter  exterior  would  be 
operated  with  the  greater  efficiency — a  condition  which  appears 
unreasonable  until  the  attendant  conditions  are  known. 

Charles  D.  Knight:  There  are  a  few  points  I  would  like  to 
draw  attention  to  in  connection  with  the  paper.  First,  it  is 
my  opinion  that  the  convector  type  of  heater  is  much  more  effi- 
cient than  the  radiant.  I  also  agree  with  the  authors  that  it 
is  better  to  heat  a  large  volume  of  air  to  a  few  degrees  than  a 
small  volume  to  a  proportionately  greater  number  of  degrees. 
This  is  probably  more  important  in  the  heating  of  houses  than 
battleships,  due  to  the  fact  that  curtains,  draperies  and  other 
material  may  come  in  contact  with  the  heater. 

The  authors  very  clearly  defined  the  amount  of  power  re- 
quired to  heat  a  room  of  a  certain  area,  and  this  brings  up  tb^ 
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question  of  the  very  large  gap  that  the  power  companies  have  to 
cover  in  reducing  the  price  of  power  per  kilowatt-hour.  The 
authors  have  said  that  power  can  be  generated  in  battleships 
for  one  cent  per  kw-hr.,  and  I  have  no  doubt  but  what  the  power 
companies  can  also  do  this,  but  when  you  consider  the  mainte- 
nance of  the  lines,  and  the  expense  of  running  them  throughout 
the  city  over  great  distances,  the  cost  becomes  much  greater. 

When  we  figure  out  an  ordinary  size  house,  we  will  say  w4th 
20,000  cu.  ft.  of  volume,  we  know  that  with  hot  air,  hot  water  or 
steam  it  can  be  heated  for  $125  a  year.  Some  rough  figures, 
which  I  have  made,  will  show  that  electricity  at  5  cents  per 
kw-hr.  would  cost  very  nearly  $2,000  a  year,  and  at  1  cent  per 
kw-hr.  about  $400.  It  can  readily  be  seen  what  the  electrical 
engineer  has  to  do  in  the  matter  of  reducing  cost  of  power  to 
meet  the  competition  which  I  have  just  mentioned. 

D.  B.  Rushmore :  I  think  it  would  be  interesting,  as  this  paper 
goes  on  record  and  is  necessarily  read  by  people  outside  of  the 
Institute,  if  the  authors,  will  put  in  a  little  explanatory  clause,  as 
to  how  they  calculate  the  cost  of  power  on  the  battleship. 
That  is  a  matter  which  is  often  misleading  to  people  who  are 
not  familiar  with  the  subject.  I  presume  they  leave  out  the 
original  investment  in  the  boilers  and  tanks,  which  would  occur 
in  a  central  power  station.  As  an  illustration,  a  man  can  raise 
coffee  in  Brazil,  we  will  say,  for  five  cents  a  pound,  just  as  he 
can  generate  a  kilowatt-hour,  under  certain  conditions,  we  will 
say,  for  one  cent,  but  the  expense  of  getting  the  cqffee  into  the 
hands  of  the  consumer  is  what  runs  up  the  cost.  It  must  be 
taken  to  the  ship,  brought  to  the  country  of  consumption  in 
the  ship,  then  transferred  to  the  wholesale  houses,  thence  to 
the  distributors,  thence  to  the  grocers,  thence  into  the  pantry 
at  your  home,  which  will  probably  cost  about  35  cents  per  lb., 
and,  therefore,  you  pay  40  cents  per  lb.  for  the  coffee.  That 
is  the  rough  figure,  but  the  figure  on  the  cost  of  power  is  so 
disturbing  to  public  utility  companies  just  now,  that  unless  an 
explanation  is  put  in  as  to  how  this  cost  on  the  battleship  is 
arrived  at,  the  statement  is  apt  to  cause  some  misconception. 

F.  C.  Caldwell:  There  is  a  very  general  idea  that  the  radiant 
heater  is  too  expensive  in  current  consumption  for  common  use 
in  residences.  The  radiant  projection  of  the  heat  directly  upon 
the  bodv  to  be  warmed,  however,  makes  it  much  more  economical 
than  is  ordinarily  supposed,  and  it  is  a  great  source  of  comfort  as 
an  auxiliary  means  of  heating  in  a  room  where  persons  only 
occasionally  gather.  The  absence  of  time  lag  in  the  effect  ob- 
tained from  a  radiant  heater  adds  greatly  to  its  usefulness  for 
such  occasional  duty. 

We  have  found  during  the  past  year  that  the  most  appreciated 
electrical  appliance  in  our  household  is  an  electrically  heated 
blanket,  or  quilt,  which  consists  of  an  ordinary  bed-size  quilt 
with  a  resistance  wire  woven  all  through  it.  This  makes  all 
the  difference  between  comfort  and  pretty  strenuous  existence 
in  outdoor  sleeping,  when  the  temperature  is  about  zero.     It 
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is  something  which  should  be  used  and  appreciated  much  more 
than  it  is  at  the  present  time. 

D.  M.  Mahood:  I  will  take  up  the  important  points  in  the 
order  in  which  they  were  presented,  and  comment  on  them  as 
briefly  as  possible.  Mr.  Hadaway  called  attention  to  the  varia- 
tion in  the  curves  in  Fig.  9.  We  intended  in  that  curve  to  show 
only  the  comparison  between  the  bare  resistor  and  the  enclosed 
unit,  and  not  a  comparison  of  the  heating  of  the  inner  and  outer 
staterooms. 

Mr.  Waller  commented  on  the  comparison  between  the  open 
and  closed  type  of  unit.  Where  it  is  possible  to  install  an  open 
rheostat  without  danger  on  a  battleship,  we  can,  of  course, 
install  a  bare  unit,  but  we  would  not  think,  for  instance,  of 
putting  an  open  type  of  unit  into  a  powder  magazine  or  anything 
like  that.  It  is  the  old  story  of  adaptability — you  must  consider 
the  conditions  of  the  installation  as  well  as  the  design  of  the  ma- 
terial you  are  installing. 

Mr.  Knight  and  Mr.  Rushmore  both  commented  on  the  cost 
of  power.  The  cost  of  ship-generated  power,  1  cent  per  kw-hr., 
is  the  actual  cost  of  generation.  It  does  not  take  into  considera- 
tion the  cost  of  installation,  depreciation,  or  the  investment. 
In  marine  service,  we  have  conditions  very  different  from  those 
prevailing  in  land  work.  We  have  the  boilers,  of  necessity,  for 
the  purpose  of  propelling  the  ship,  and  the  additional  load  for 
electric  heating  is  small  on  the  generating  plant,  and  fits  in  very 
nicely  with  the  other  loads,  the  power  and  the  lighting,  and 
really,  as  a  matter  of  fact,  runs  the  boilers  at  a  slightly  better 
efficiency  load. 

Mr.  Caldwell  made  reference  to  the  radiant  heater.  *  The 
radiant  heater  is  worked  at  a  disadvantage  in  marine  work, 
because  we  have  the  metal  bulkheads  which  conduct  off  the  heat 
received  from  the  radiator.  It  is  necessary,  in  order  to  use 
a  radiant  heater,  to  step  right  in  front  of  it  to  get  the  effect  of 
the  heater.  It  is  found  that  practically  but  little  of  the  heat  is 
sent  off  as  convected  heat,  after  it  strikes  the  bulkhead — ^it  is 
practically  all  conducted  off.  That  brings  us  down  to  the  con- 
vector  type.  The  conditions  on  land  are  different.  You  have  the 
wooden  walls,  which  are  poorer  conductors,  and  for  that  reason 
the  radiant  heater  has  a  greater  field  than  it  has  in  marine  work. 
H.  A.  Homor:  The  battleship  situation  is  one  of  metal  bulk- 
heads solely.  In  the  merchant  marine  service,  where  you  have 
the  wooden  bulkhead,  and  particularly  out  on  the  western  coast, 
the  conditions  are  more  satisfactory.  We  recently  built  a  ship 
to  which  we  applied  the  radiant  heaters.  Practically  every 
stateroom  had  a  radiant  heater  of  the  three-unit  type,  and  all 
public  places  had  special  fireplaces  of  the  radiant  heater  type. 
It  was  a  pretty  effect,  and  the  operation  was  very  satisfactory. 
The  conditions  on  the  Pacific  Coast  are  that  the  temperature 
changes  are  not  violent,  and  the  application  of  the  heating 
apparatus  to  a  passenger  steamer  was  a  good  one. 
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THE  ELECTRICALLY  DRIVEN  GYROSCOPE  IN 

MARINE  WORK 


BY  H.  C.  FORD 


Abstract  of  Paper 


The  gyroscope  when  continuously  driven  by  electric  poWer  may 
be  usedfor  various  purposes,  many  of  its  applications  having  es- 
pecial value  in  marine  work. 

Small  gyroscopes  are  used  to  establish  base  lines  for  the  meas- 
urement or  control  of  angular  motion.  The  gyro-compass  makes 
use  of  the  earth's  daily  rotation  and  consequent  changing  direc- 
tion of  gravity  to  secure  a  directive  force  a  hundredfold  greater 
and  more  accurate  than  that  of  the  magnetic  compass. 

A  general  description  is  given  of  the  gyro-compass  as  adopted 
by  the  United  States  Navy  for  use  on  all  the  battleships  and  sub- 
marine vessels.  Many  electrical  and  mechanical  devices  have 
been  developed  to  perform  the  various  functions  whereby  an  in- 
strument of  great  precision  has  been  secured. 

Large  gyroscopes  are  made  which  are  capable  of  counteract- 
ing enormous  wave  forces  and  completely  stabilizing  any  ship 
against  rolling  in  the  heaviest  seas. 


UNTIL  a  few  years  ago  the  gyroscope  was  little  known  or  heard 
of  except  as  a  child's  toy,  although  as  far  back  as  1852 
its  action  was  investigated  by  the  French  scientist  Foucault, 
who  published  the  results  of  his  experiments  in  which  he  laid 
down  very  cleariy  the  laws  of  its  action. 

His  first  law  states  that  any  gyro  or  spinning  body  possessed  of 
three  degrees  of  freedom,  i.e.,  free  to  rotate  about  a  spinning 
axis  and  two  other  axes  all  normal  to  each  other,  will  tend  to 
maintain  its  axis  of  spinning  fixed  in  space  and  may  therefore 
be  used  to  show  the  rotation  of  the  earth.  He  also  demonstrated 
that  when  a  gyro  was  given  a  forced  motion  of  rotation  about 
one  of  the  axes,  the  gyro  would  powerfully  resist  such  force  while 
at  the  same  time  tending  to  place  its  axis  of  spin  in  line  with  or 
parallel  to  the  axis  of  the  impressed  force.  This  motion  which 
takes  place  about  an  axis  at  right  angles  to  that  of  the  impressed 
force  is  known  as  gyroscopic  precession  and  always  occurs  in 
such  a  manner  as  to  bring  the  direction  of  spinning  the  same 
as  that  of  the  impressed  force,  and  by  the  shortest  path.     In 
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other  words,  if  the  spinning  axis  were  horizontal  and  the  axis 
of  precession  vertical,  then  the  gyro,  by  virtue  of  the  impressed 
force  of  the  earth's  rotation,  would  turn  about  in  aximuth  and 
place  its  axis  of  spin  as  far  as  possible  in  line  with  the  earth's 
axis  (i.e.  upon  the  meridian)  after  the  manner  of  a  true  compass. 
This  strange  resisting  force  with  its  unexpected  motion  of  pre- 
cession at  a  different  angle  and  apparently  unrelated  to  the  im- 
pressed force,  is  in  reality  a  simple  and  logical  result  of  the 
inertia  of  the  moving  mass.  Its  explanation  is  well  known 
and  follows  directly  the  application  of  Newton's  laws. 

It  is  not,  however,  the  purpose  of  the  writer  to  go  into  abstruse 
theoretical  considerations.  Suffice  it  to  say  that  the  law  of 
precession  explains  fully  the  observed  facts  with  regard  to  paral- 
lelism of  the  two  axes,  and  is  well  illustrated  in  the  accompanying 
figures,  Nos.  1,  2  and  3,  which  show  an  ordinary  gyroscopic 
top  A  mounted  in  a  Cardan  ring  B  by  pivots  a,  the  outer  pivots 
/;  being  sui)ported  upon  a  fork  C  rigidly  mounted  upon  the  base 
D.  Suppose  the  wheel  with  all  parts  symmetrical,  as  in  Fig.  1, 
is  rotating  clockwise,  viewed  from  above,  and  we  grasp  the 
Cardan  ring  and  depress  it  on  axis  b  to  position  shown  in  Fig.  2. 
First  it  will  be  found  that  the  Cardan  ring  is  possessed  of  a  quite 
remarkable  amount  of  rigidity  and  opposes  the  forces  tending  to 
tilt  it.  However,  as  these  forces  are  applied,  and  though  the 
ring  B  is  moved  only  slightly,  yet  the  gyroscope  is  seen  to  im- 
mediately swing  vigorously  through  a  wide  angle  upon'  its 
axis  a  to  the  position  also  shown  in  Fig.  2.  Upon  lifting  the 
Cardan  ring  the  gyro  will  again  be  seen  to  swing  vigorously  in 
the  opposite  direction  until  arrested  by  the  stop  as  shown  in 
Fig.  3. 

For  nearly  half  a  century  after  Foucault  had  demonstrated 
its  action,  the  gyroscope  was  i3ut  to  no  practical  use.  The  late 
American  author  and  scientist  Hopkins,  whose  writings  were 
published  for  many  years  in  the  Scientific  American,  was  the 
first  to  drive  a  gyroscope  electrically.  He  was  able  to  enlarge 
on  Foucault 's  experiments  and  obtain  much  more  persistent 
results  with  his  continuously  driven  wheel. 

The  first  serious  a  implication  of  the  gyroscope  in  engineering 
work  was  by  Obrey,  an  Austrian  naval  officer,  who  made  use 
of  the  gyroscope  to  steer  torpedoes.  About  1903  Dr.  Schlick, 
a  German  engineer,  proposed  the  use  of  the  gyroscope  for  stabil- 
izing ships  against  rolling  and  built  a  number  of  experimental 
plants  which  were  tried  out  with  some  little  success.     At  about 
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the  same  time  Lewis  Bremian  brought  general  public  attention  to 
the  gyroscope  by  his  announcement  of  a  railroad  car  that  would 
maintain  its  eqtiilibrium  on  a  single  rail.  A  car  of  this  type  wits 
exhibited  in  this  country  in  1910  and  the  subject  of  monorail 
traction  was  much  discussed  in  the  press  at  the  time  in  con- 
nection with  the  possibilities  for  high  speeds  which  were  claimed 
for  this  invention. 

Practically  all  of  the  serious  applications  of  the  gyroscope,  and 
by  far  the  most  important  of  its  uses  at  the  present  time,  have 
developed  in  marine  work.  These  are  the  steering  of  torpedoes, 
the  use  as  a  compass  and  the  use  for  stabilizing  and  controlling 
the  motions  of  ships,  the  last  two  of  which  will  be  discussed  more 
fully. 

Several  minor  applications  have  been  made,  such  as  (1) 
stabilizing  of  various  instruments,  telescopes,  etc.,  against  os- 
cillations when  mounted  on  a  rolling  ship;  (2)  stabilizing  of  a 
pendulum  carrying  a  pen  for  recording  the  angles  of  roll  and 
pitch  of  a  ship;  and,  (3)  stabilizing  a  horizontal  mirror  for  use 
as  an  artificial  horizon  in  taking  observations  at  sea.  Some 
very  valuable  results  have  been  accomplished  along  these 
lines,  but  the  limits  of  the  present  paper  will  not  permit  of  more 
than  a  brief  mention.  Various  attempts  have  also  been  made 
to  stabiUze  a  body  with  three  degrees  of  freedom  for  use  in 
the  direct  determination  of  latitude  and  longitude,  but  so  far 
as  is  known,  without  practical  success. 

Fig.  4  shows  a  form  of  telescope  used  on  board  ship  for  ob- 
taining bearings  of  distant  objects,  which  has  been  stabilized  by 
means  of  gyroscopes  so  that  it  is  entirely  unaffected  by  motions 
of  the  ship  in  any  direction. 

Fig.  5  shows  one  of  several  types  of  apparatus  which  have 
been  constructed  for  recording  the  rolling  and  pitching  motion 
of  a  ship  upon  a  moving  sheet.  In  the  instrument  here  shown, 
records  of  the  azimuth  as  well  as  various  time  markings  are 
made  simultaneously  upon  the  same  record  sheet. 

Errors  are  frequently  introduced  in  navigation  when  measuring 
the  altitude  of  a  heavenly  body  above  a  false  horizon  caused  by 
mist  or  by  the  mirage  effect  of  the  heated  air  on  a  tropical  sea. 
Very  frequent  observations  of  the  sun  or  heavenly  bodies  could 
be  taken  were  it  not  that  the  horizon  is  obscured  by  low-lying 
banks  of  fog,  or  darkness. 

Fig.  6  illustrates  a  gyroscopic  artificial  horizon  which  pro- 
vides a  means  for  eliminating  these  errors  in  observation  and 
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makes  it  possible  to  measure  accurately  the  altitude  of  any 
heavenly  body  that  can  be  seen,  whether  or  not  the  horizon  is 
obscured. 

The  automobile  torpedo,  as  is  well  known,  depends  upon  a 
gyro  steering  gear  for  its  directive  power  and  would  in  fact 
be  utteriy  ineffective  for  its  purpose  without  such  a  device. 
The  importance  of  the  torpedo  in  warfare  is  of  course  recognized, 
so  that  the  great  value  of  this  application  of  the  gyro  needs  no 
further  comment. 

The  gyro  compass  shown  in  Fig.  7  is  now  being  installed  upon 
all  of  the  battleships  and  submarines  of  the  United  States  Navy, 
where  it  is  depended  upon  absolutely  for  use  under  battle  con- 
ditions where  the  magnetic  compass  could  not  possibly  be  em- 
ployed, due  to  the  large  masses  of  magnetic  material  constantly 
being  moved  about  in  proximity  to  the  compass.  As  an  instru- 
ment of  navigation  the  gyro  compass  has  also  proved  of  great 
accuracy  and  value  in  enabling  the  ship  to  be  held  steadily 
upon  its  coiu^e  irrespective  of  wind,  sky  or  sea.  The  foreign 
navies  are  also  rapidly  adopting  the  gyro  compass  and  it  scctqs 
certain  that  its  use  on  all  of  the  larger  steamships  and  ocean 
liners  will  be  found  in  a  few  years  when  its  great  advantages 
have  become  more  widely  known. 

The  very  high  development  of  the  gyro  compass  during  the 
past  few  years  has  been  largely  due  to  the  efforts  of  a  pioneer 
in  the  electrical  art,  Mr.  Elmer  A.  Sperry,  whose  long  and  in- 
teresting experience  with  gyroscopic  phenomona  and  belief  in 
their  engineering  possibilities  led  him  to  devote  practically  all  of 
his  tii^ie  to  its  development. 

It  has  been  the  privilege  of  the  writer  to  be  associated  with 
Mr.  Sperry  for  several  years  past  in  this  work,  during  which 
time  a  plant  has  been  organized  and  equipped  for  the  design  and 
manufacture  of  many  forms  of  gyroscopic  apparatus. 

A  number  of  workers  abroad  have  also  been  laboring  with 
great  persistence  and  some  degree  of  success  to  solve  the  many 
physical  problems  involved  in  translating  the  idea  of  Foucault 
into  concrete  terms  of  steel  and  bronze  which  will  function 
under  the  extremely  severe  conditions  on  shipboard. 

The  nature  of  the  problem  is  indicated  when  one  realizes  that 
the  gyro  compass  is  so  sensitive  that  it  responds  instantly  and 
with  the  highest  degree  of  accuracy  to  the  very  slowly  im- 
pressed angular  motion  in  space  about  the  earth *s  axis  four  thou- 
sand miles  distant,  while  at  the  same  time  it  remains  indifferent 
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to  the  angular  movements  of  the  ship  several  himdred  times 
greater  in  intensity. 

In  view  of  the  extensive  use  of  the  gyro  compass  and  the 
nature  of  the  problems  involved  in  its  development,  it  may  be 
of  interest  to  look  into  the  theory  of  its  action  somewhat  briefly 
and  then  to  note  some  of  the  many  special  construction  details 
and  various  electrical  devices  employed  in  this  highly  organized 
instrument. 

Fig.  8  shows  a  small  device  which  may  be  used  to  demonstrate 
the  action  of  precession  in  the  gyro  compass.  In  this  device 
we  have  a  small  disk  marked  with  the  cardinal  points  to  represent 
a  compass  card  and  mounted  upon  a  ring  swiveled  to  rotate  on 
a  vertical  axis  within  a  hand-supporting  frame.  The  ring 
carries  a  wheel  which  spins  upon  a  horizontal  axis  fixed  in  the 
ring  parallel  to  the  NS  line  of  the  compass  card.  If  the  device 
is  held  extended  in  the  hand  while  the  demonstrator  turns  slowly 
on  his  heel  toward  the  left,  we  may  consider  his  body  as  the 
axis  of  an  imaginary  earth  and  his  head  as  the  virtual  north 
pole,  since  his  rotation  would  always  be  easterly. 

If  the  device  is  extended  with  the  axis  of  the  card  perpen- 
dicular to  the  body  at  the  waist  line,  the  compass  may  be  con- 
sidered as  located  approximately  at  the  equator.  If  held  op- 
posite the  shoulder,  with  the  axis  of  the  compass  card  or  handle 
making  an  angle  of  45  deg.  with  the  body,  the  compass  would 
be  represented  in  operation  at  latitude  45  deg.  north. 

Now  when  the  wheel  has  been  made  to  spin  in  a  clockwise 
direction  viewed  from  the  south  side  of  the  card,  if  the  device 
is  carried  about  in  the  hand  as  above,  the  card  will  immediately 
orientate  or  turn  on  its  axis  to  bring  the  north  side  toward  the 
virtual  north  pole. 

If  the  demonstrator  should  reverse  his  direction  of  rotation 
and  turn  toward  the  right,  which  would  now  represent  east, 
we  should  have  to  consider  that  the  north  pole  had  been  shifted 
to  his  feet,  and  if  the  little  model  is  a  true  compass  it  should 
also  reverse  its  direction  and  point  to  the  new  pole.  This  is 
what  actually  occurs,  for  the  gyro  compass  not  only  holds  to 
the  meridian  when  placed  thereon,  but  is  actually  possessed  of 
a  powerful  north-seeking  tendency  many  times  greater  than  that 
of  the  magnetic  needle. 

The  above  demonstrates  the  elementary  action  of  the  gyro 
compass  on  an  imaginary  earth,  the  length  of  whose  day  is  about 
twenty-four  seconds.  Under  such  conditions  this  little  compass 
is  ideal  in  its  simplicity. 
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When,  however,  we  are  considering  an  instrument  of  precision, 
for  actual  use  on  a  ship  rolling,  pitching  and  yawing  in  a  heavy 
sea,  or  maneuvering  at  various  speeds  in  every  possible  direction, 
the  matter  of  picking  out  this  demonstrator  who  will  keep  his 
body  parallel  to  the  earth's  axis  under  such  conditions  and  rescue 
a  struggling  directive  force  from  the  waves,  is  a  somewhat  larger 
contract. 

As  a  matter  of  fact,  many  and  serious  are  the  mechanical 
and  theoretical  problems  which  had  to  be  solved  in  producing  a 
practical  compass  for  navigation.  For  example,  when  mounted 
on  a  ship  steaming  rapidly  north,  say,  the  gyro  axis  does  not  point 
true  north,  but  has  a  certain  deflection,  for  the  reason  that  the 
actual  motion  in  space  is  no  longer  due  easterly,  but  is  about  a 
resultant  axis  somewhat  to  the  westward  of  the  earth's  axis. 
The  amount  of  this  deflection,  which  is  a  variable,  depending 
upon  the  speed,  course  and  latitude  of  the  ship,  has  been  exactly 
determined  for  all  conditions. 

In  the  Sperry  compass  a  device  is  employed  which  corrects 
for  the  above  factors  and  automatically  introduces  this  correction 
into  the  compass  readings,  which  are  therefore  always  made  ac- 
curately upon  the  meridian.  Other  special  mechanical  devices 
are  employed  for  the  following  purposes,  among  others: 

a.  To  provide  a  substantial  mounting  for  the  gyro  element  with 
the  highest  degree  of  sensitiveness. 

b.  To  damp  oscillations  in  azimuth. 

c.  To  compensate  various  acceleration  pressures. 

d.  To  prevent  errors  caused  by  retardation  of  the  wheel. 

e.  To  set  the  compass  quickly  on  the  meridian  even  when 
the  direction  is  unknown. 

f.  To  prevent  errors  due  to  persistent  oscillations  in  certain 
oblique  planes. 

g.  To* admit  of  determining  the  speed  of  the  wheel  by  observa- 
tion. 

Space  will  not  permit  of  a  further  study  of  the  many  theoretical 
problems  involved  nor  of  a  detailed  description  of  all  the  me- 
chanical devices  employed  in  this  solution. 

The  general  arrangement  of  parts  constituting  the  Sperry 
gyro  compass  is  shown  in  Fig.  9,  which  for  greater  clearness 
in  illustrating  the  various  functions  has  been  simplified  by  the 
omission  of  electrical  circuits  and  minor  details. 

The  gyroscope  wheel  is  mounted  to  rotate  on  a  horizontal 
shaft  A  within  the  casing  B,  which  is  pivoted  on  the  horizontal 
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axis  C  through  its  center  of  gravity  and  carried  by  the  frame 
or  vertical  ring  D. 

The  ring  D  is  suspended  by  a  torsionless  strand  E  and  guided 
by  bearings  F  and  F'  to  allow  a  free  oscillation  of  limited 
amount  about  its  vertical  axis 
within  the  frame  or  "  phan- 
tom "  G,  so  called  because  of 
its  characteristic  action  as  a 
"shadow"  in  following  up 
each  motion  of  the  ring  D. 
The  phantom  G  has  a  hollow 
stem  H  to  which  the  strand  E 
is  attached  at  its  upper  end, 
and  the  stem  forms  a  journal 
for  rotation  in  azimuth  with 
respect  to  the  supporting  base 
frame  J. 

The  frame  J  is  mounted  to 

swing  in  the  binnacle  by  the 

usual     Cardan     suspension, 

consisting  of  the  ring  K  and 

suitable  bearings  LI    L2,  Ld  and  1,4.  the  last  not  shown. 

The  frame  J  carries  a  "  follow-up  "  motor  M,  driving  a  master 
gear  N,  forming  a  rigid  part  of  the  phantom  G,  whereby  the 
latter  is  positively  driven  in  azimuth  to  respond  to  any  move- 
ment of  ring  D. 

The  ring  D,  which  with  the  wheel  casing  is  termed  the  "  ele- 
ment," carries  a  pair  of  electrical  contacts  in  the  form  of  trolley 
wheels,  which  cooperate  with  stationary  contacts  mounted  upon 
the  phantom  G  for  the  purpose  of  controlling  the  follow-up 
motor  M.  the  electrical  connections  not  being  shown  in  the 
figure. 

The  power-driven  phantom  C  is  thus  automatically  controlled 
so  as  to  respond  instantly  to  all  movements  of  the  sensitive 
clement,  and  in  fact  to  all  relative  movement  in  azimuth  be- 
tween the  ship  and  the  gyro. 

This  characteristic  of  the  phantom  enables  it  to  be  used  for 
various  important  functions,  namely,  to  carry  the  scale  or  card 
0  and  a  cam  P  forming  part  of  the  automatic  correcting  device. 
The  power  drive  is  also  utilized  in  operating  the  transmitter  for 
the  repeater  instruments,  and  in  overcoming  friction  of  the  slip 
rings  needed  to  carry  current  to  the  gyro. 
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Since  the  phantom  G,  though  at  all  times  rigidly  anchored 
to  the  binnacle,  stands  in  practically  constant  relation  to  the 
sensitive  element  as  regards  motion  about  the  vertical  axis,  but 
is  nevertheless  entirely  separate  therefrom,  it  serves  as  an  an- 
chorage for  producing  stresses  to  restrain  and  correct  the  move- 
ments of  the  sensitive  element.  This  is  accomplished  by  means 
of  a  yielding  connection  between  the  phantom  G  and  the  g^yro 
case  5,  in  the  form  of  a  pendulum  or  bail  R,  supported  by  and 
forming  a  part  of  the  phantom.  The  point  of  attachment  5 
to  the  gyro  casing  is  located  in  a  certain  position  eccentric  to 
both  the  vertical  and  horizontal  axes  of  the  gyro.  By  this  means 
several  most  important  results  are  obtained,  including  positive 
orientation  and  the  prevention  of  oscillation. 

The  complete  electrical  equipment  of  the  compass  system 
which  will  now  be  considered  comprises: 

1.  A  voltage  regulator  of  special  design. 

2.  A  three-phase  a-c.  generating  set. 

3.  A  20- volt  d-c.  generating  set. 

4.  Ad-c.  emergency  service. 

5.  An  alarm  system. 

6.  An  automatic  control  and  protective  system. 

7.  Specially  designed  controlling  switches. 

8.  The  gyro  motor. 

9.  A  servo-motor  or  follow-up  system. 

10.  A  secondary  transmitting  and  receiving  system. 

Fig.  10  illustrates  the  various  parts  of  the  Sperry  gyro  compass 
system  for  use  on  a  battleship.  The  master  compass  and  con- 
trolling apparatus  are  installed  in  a  protected  portion  of  the 
ship  behind  heavy  armor.  The  repeater  compasses  are  mounted 
at  various  points  about  the  ship  at  the  different  steering  stations. 
On  a  battleship,  for  instance,  repeaters  arc  supplied  at  the  main 
steering  platform,  others  on  the  bridge  for  taking  bearings,  one 
in  the  conning  tower  for  steering  during  battle,  one  in  the  steering 
engine  room  at  the  stem  of  the  ship,  and  in  some  cases  one  or 
more  additional  repeaters  in  ships  provided  with  additional  steer- 
ing stations. 

The  compass  is  also  used  in  connection  with  various  other  in- 
struments for  obtaining  and  recording  various  data. 

A  most  important  use  of  the  gyro  compass  is  on  submarine 
boats  which  derive  their  power,  when  submerged,  from  storage 
batteries,  the  voltage  of  which  varies  at  times  from  as  high  as  160 
volts  down  to  100  volts  at  the  end  of  a  long  run.  An  economical 
form  of  voltage  regulator  has  been  devised  for  such   service. 
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The  problem  of  accelerating  and  driving  the  heavy  balance 
wheel  (the  compass  wheel  weighs  about  45  lb.  or  20.4  kg.) 
at  a  velocity  of  about  8600  rev.  per  min.  required  the  design  of 
a  special  form  of  generator,  three-phase  current  at  90  volts  being 
used.  The  characteristics  of  the  generator  allow  of  the  wheel 
being  thrown  directly  upon  the  line  and  brought  up  to  full  speed 
automatically  in  about  thirty  minutes  without  attention  on  the 
part  of  the  operator  and  without  the  use  of  excessive  current. 
This  machine,  shown  in  the  background  of  Fig.  10,  has  a  capacity 
of  three  amperes  per  phase,  but  is  ordinarily  run  under  a  load  of 
0.9  amperes. 

The  20-volt  d-c.  dynamotor  also  shown  in  Fig.  10  is  used  in 
supplying  energy  to  the  servo-motor  follow-up  system  and  for 
operating  the  secondary  or  repeater  compass  system.  No 
special  features  of  design  were  necessary  other  than  to  meet 
the  usual  requirements  on  shipboard  as  to  commutation,  rating, 
accessibility,  etc.  In  battleship  equipments,  both  of  the  above 
generating  units  are  ordinarily  supplied  in  duplicate. 

An  emergency  direct-current  ser\dce  is  provided  by  the  employ- 
ment of  a  20-\'X)lt  storage  battery  which  is  kept  floating  upon  the 
line  at  all  times.  This  provides  energy  for  Oj^erating  the  follow- 
up  system  of  the  compass  whenever  the  ship's  service  has  failed. 
During  such  times  the  gyro  wheel,  on  account  of  its  great  inertia 
and  ease  of  operation  in  vacuum,  will  remain  spinning  and  will 
give  ample  directive  power  for  an  hour  or  more  after  the  j)ower 
has  been  shut  off,  so  that  the  comi)ass  is  rendered  fully  effective 
under  all  such  conditions.  This  constitutes  a  unique  and  ex- 
tremely valuable  feature  of  the  Sperry  compass. 

An  independent  six- volt  battery  and  alarm  bell  are  employed 
to  notify  the  attendant  promptly  of  any  interruption  of  current 
or  failure  in  operation  of  various  parts  of  the  system  which 
would  be  likely  to  cause  errors  in  the  comjjass  readings,  so 
that  the  same  may  be  corrected  without  delay.  A  trip  relay 
is  provided  which  keeps  the  bell  ringing  until  the  attendant 
has  corrected  the  difficulty  and  reset  the  trip. 

A  reverse  current  relay  is  provided  for  disconnecting  the 
direct-current  dynamotor  from  the  storage  battery  and  line 
upon  failure,  or  any  material  reduction  in  voltage  of  the  gen- 
erator or  ship's  sujjply  line,  and  for  connecting  the  generator 
in  again  when  voltage  has  been  restored  to  normal.  This 
of  course  prevents  the  rapid  discharge  of  the  storage  battery 
in  driving  the  generator. 
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Especially  designed  switches  and  controlling  apparatus  are 
provided,  which  include  a  small  and  compact  switch  for  throwing 
both  the  voltmeter  and  ammeter  at  once  upon  any  one  of  a 
number  of  different  circuits  or  phases.  These  switches  are  of 
the  rotary  or  controller  type  and  are  enclosed  in  gas-tight  cases 
to  prevent  danger  of  explosions  when  used  in  submarines. 

The  gyro  motor  is  of  the  three-phase  induction  type,  the 
squirrel-cage  secondary  forming  a  rigid  part  of  the  inner  rim  of 
the  revolving  wheel  shown  in  Fig.  11. 

On  account  of  the  high  speed  of  the  rotation,  wheels  have  to 
be  given  a  very  careful  running  balance,  which  is  accomplished 
by  the  use  of  various  size  studs  threaded  into  holes  at  the  per- 
iphery of  the  wheel  on  each  side. 

The  stator  also  shown  in  Fig.  11  is  mounted  on  one  side  of 
the  main  vacuum  casing  containing  the  wheel.  A  spiral  line  is 
painted  on  the  wheel  which,  when  observed  through  a  window 
in  the  casing  by  means  of  a  stroboscope,  enables  one  quickly  to 
determine  the  speed  of  rotation. 

The  servo-motor  or  follow-up  system  forms  an  important 
part  of  the  gyro  compass  and  performs  three  functions,  of  which 
the  first  is  to  shield  the  gyro  from  all  external  forces  and  friction. 
This  is  accomplished  by  the  method  of  carrying  the  supporting 
filament,  and  all  guiding  bearings  having  to  do  wath  the  sensitive 
element,  within  an  outer  frame  known  as  the  phantom  (Fig.  12), 
which  completely  shields  the  element  from  all  disturbing  external 
forces. 

The  suspended  mass  of  the  sensitive  element,  which,  including 
the  wheel  casing  and  the  vertical  supporting  ring,  weighs 
about  seventy-five  pounds,  is  by  the  above  means  rendered 
actively  sensitive  to  a  force  couple  of  1/4500  in-lb.,  which 
represents  a  force  of  less  than  one  four-millionth  part  of 
its  own  weight  acting  at  a  radius  of  one  foot.  This  degree  of 
sensitiveness  is  actually  measurable  in  the  operation  of  the  com- 
pass, which  is  thought  to  be  somewhat  remarkable  in  this  re- 
spect. 

A  second  function  of  the  servo-motor,  which  in  the  gyro  com- 
pass is  known  as  the  ^*  azimuth  motor,"  is  to  operate  the  trans- 
mitter for  sending  out  indications  to  any  number  of  repeater 
compasses  located  at  distant  parts  of  the  ship.  The  main 
azimuth  scale  of  the  compass  is  also  carried  on  the  power-driven 
member. 

The  third  function  of  the  azimuth  motor  is  to  operate  the 


1914]  FORD:  THE  GYROSCOPE  867 

correction  device  before  mentioned,  which  by  means  of  cams 
solves  a  trij^onometric  equation  involving  the  factors  of  speed, 
latitude  and  heading  of  the  ship,  and  automatically  introduces 
the  proper  correction  into  the  compass  readings,  which  are 
therefore  maintained  accurately  upon  the  meridian.  Fig.  13 
shows  the  front  of  the  correction  device  and  dials  which  are 
set  at  the  proper  speed  and  latitude. 

The  azimuth  motor  with  its  reduction  gearing  is  shown 
in  Fig.  14,  and  is  provided  with  ball  bearings  throughout.  An 
inertia  brake  consisting  of  a  balance  wheel  mounted  and  driven 
by  friction  on  the  armature  shaft  serves  to  damp  the  oscillations 
or  hunting  of  the  azimuth  motor,  while  offering  no  resistance  to 
continuous  motion. 

The  secondary  transmission  system  comprises  a  contact-mak- 
ing transmitter  and  six-pole  step-by-step  motor  connected  by 
three  circuits  having  a  common  return  wire.  The  transmitter 
(Fig.  15)  is  provided  with  three  pairs  of  tungsten  make-and- 
break  contacts  which  are  operated  by  cams.  The  construction 
of  the  repeater  system  is  such  that  the  motor  may  be  driven 
at  speeds  as  high  as  lOOO  rev.  per  min.,  or  100  cycles  per  second, 
without  getting  out  of  step. 

The  repeater  motor  is  geared  to  give  six  steps  for  each  indicated 
degree  in  azimuth  and  the  repeater  compass  instantly  follows 
all  changes  of  the  master  compass  for  every  movement  of  the 
ship.  The  repeaters  are  provided  with  compass  cards  made  of 
translucent  material  to  permit  of  illumination  from  within. 

A  manually  operated  transmitter,  or  synchronizer,  is  used  for 
setting  the  distant  repeaters  into  agreement  with  the  master 
compass  in  connection  with  a  magnetic  stop  for  each  motor 
by  means  of  which  the  repeaters  are  first  collected  upon  a  com- 
mon reading  and  then  brought  at  once  to  read  with  the  master, 
which  is  then  thrown  into  circuit. 

The  exceptionally  fine  results  obtained  with  the  gyro  compass 
here  described  have  fully  justified  the  long  and  painstaking 
efforts  that  have  been  expended  in  its  design  and  in  the  practical 
solution  of  the  many  problems  met  at  various  stages  of  its  de- 
velopment and  in  actual  use  at  sea. 

When  subjected  to  the  most  drastic  tests,  far  greater  in  severity 
than  any  actual  conditions  found  on  shipboard,  the  compass 
continues  to  hold  to  the  meridian  within  a  fraction  of  a  degree. 
In  fact,  every  compass  before  being  accepted  by  our  Government 
has  to  pass  through  a  series  of  such  tests  lasting  several  weeks, 
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during  which  time  the  maximum  error  must  not  exceed  \  deg. 
in  azimuth  when  swung  continuously  for  six  days  at  a  time 
under  conditions  of  rolling,  pitching  and  ya^^nng  of  an  artificial 
ship. 

It  should  of  course  be  understood  that  under  similar  con- 
ditions on  board  a  battleship  or  submarine  the  magnetic  com- 
pass would  be  almost  if  not  entirely  useless.  Even  under  the 
best  of  conditions,  navigation  of  a  steel  ship  by  magnetic  com- 
pass entails  a  large  amount  of  extra  work  with  considerable 
liability  of  error  in  applying  variation  and  deviation  corrections 
of  various  amounts,  plus  or  minus.  With  the  g\TO  compass 
described,  all  readings  are  made  exactly  upon  the  meridian  and 
the  navigator  is  always  sailing  on  true  courses.  The  quick 
and  accurate  indications  of  the  compass  for  the  slightest  de\'ia- 
tion  or  yawing  of  the  ship  have  enabled  much  straighter  coiu'ses 
to  be  steered,  with  a  resulting  saving  in  fuel  and  increased  speed. 
For  intricate  maneuvering  in  battle  practise,  the  ship  may  be 
controlled  perfectly  from  various  protected  steering  stations 
and  the  master  compass  is  completely  shielded  from  the  fire  of 
the  enemy  and  from  the  shock  of  gun  fire. 

In  submarines  the  gyro  compass  enables  an  accurate  course 
to  be  laid  when  running  submerged,  so  that  after  obtaining  the 
bearing  of  the  target  from  a  great  distance  the  submarine  may 
approach,  submerged,  to  within  a  short  distance  and  fire  its 
torpedoes  accurately. 

From  an  instrument  having  a  degree  of  sensitiveness  to  force 
couples  measured  by  one  four-millionth  part  of  its  own  weight 
it  is  rather  a  long  jump  to  consider  another  type  of  g>TO  pos- 
sessed of  many  tons  of  stored  energy  which  may  be  harnessed 
and  made  to  work  not  only  to  hold  a  mammoth  ship  against 
rolling  in  high  seas  but  actually  to  roll  the  ship  for  the  purpose  of 
sliding  off  a  sand  bar  or  breaking  through  an  ice  floe. 

Gyros  of  this  type  have  already  been  built,  tested  and  thor- 
oughly investigated  and  a  gyro  of  thirty  tons  weight  capable  of 
exerting  a  force  couple  of  over  four  million  pound -feet  is  now 
under  construction  for  stabilizing  the  S.  S.  Ashtabula,  used  as  a 
car  ferry  on  Lake  Erie. 

In  two  papers  read  before  the  Institute  of  Naval  Architects 
and  Marine  Engineers  in  November  1912  and  December  1913, 
Mr.   Sperry  has  treated   very  ably  and  comprehensively  the 
subject  of  stabilizing  ships  and  has  made  some  striking  com 
parisons  which  show  his  valuable  contribution  to  the  art  in  the 
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"  active  **  type  of  gyro.  In  the  last  paper  refeired  to  are  shown 
characteristic  rolling  and  damping  curves  for  ships  equipped 
with  active  gyros,  when  subjected  to  various  wave  impulses  and 
frequencies.  These  curves,  some  of  which  are  here  reproduced  in 
Fig.  16,  were  obtained  from  a  model  ship  pendulum,  the  dimen- 
sions  of  which  were  adjusted  to  correspond  to  a  19,000-ton  ship 
at  the  linear  ratio  of  1:30. 

The  stabilization  is  practically  complete,  as  indicated  by  the 
curves  in  Fig.  16.  Early  in  this  work,  observations  were  made 
indicating  that  the  stabilization  was  complete  even  when  the 
wave  increments  received  from  the  sea  were  greater  than  the 
theoretical  power  of  the  gyros  mounted  in  the  ship. 

The  work  with  the  stabilizer  has  shown  that  it  is  perfectly 
easy  to  stabilize  against  all  wave  increments  received  by  the 
ship  from  the  sea  which  are  equal  to  or  less  than  the  stabilizing 
capacity  of  the  gyro  equipment.  Stabilization  is  so  complete 
under  these  conditions  that  interest  in  this  part  of  the  per- 
formance has  been  transferred  to  investigations  of  the  region 
where  the  wave  increments  are  actually  in  excess  of  the 
stabilizing  capacity. 

The  curves  in  Fig.  16  are  among  the  results  obtained  in  this 
connection  and  it  will  be  seen  by  carefully  scrutinizing  the  cards 
that  none  of  the  curves  are  taken  where  the  wave  increments  are 
not  larger  than  the  roll-quenching  increment,  and  even  under 
these  conditions  the  stabilizing  is  practically  complete  for  prac- 
tically all  the  wave  periods. 

Practical  data  of  great  value  were  obtained  from  the  construc- 
tion of  an  active  gyro  plant  which  was  tested  out  repeatedly  on 
the  U.  S.  S.  Warden  during  the  summer  of  1912.  This  plant 
was  the  largest  gyro  invStallation  ever  built  and  consisted  of 
two  gyros  weighing  about  three  tons  each  which  were  operated 
actively  by  use  of  a  precession  engine. 

The  gyros  were  automatically  controlled  so  that  they  responded 
instantly  to  all  wave  increments  encountered,  whether  in 
harmony  with  the  period  of  the  ship  or  not. 

Fig.  17  shows  one  of  the  Worden^s  gyros  bolted  on  a  heavy 
base  plate  while  under  test  at  the  Brooklyn  Navy  Yard.  The 
base  was  loaded  with  pig  iron,  which,  with  the  load  of  the  gyro 
and  precession  engine,  brought  the  total  weight  up  to  over  thirty 
tons.  The  gyro  very  effectively  demonstrated  its  power  by 
actually  lifting  this  heavy  load,  tilting  the  whole  base  plate 
up  on  edge  and  rocking  it  back  and  forth  as  the  gyro  was  pre- 
cessed. 
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Fig.  18  shows  the  precession  engine,  and  Fig.  19  shows  the 
gyro  equipment  mounted  aboard  the  Worden  ready  for  the  sea 
trials. 

The  results  prove  conclusively  that  the  active  type  of  gyroscope 
as  applied  to  the  control  of  a  ship's  rolling  motion  is  of  vastly 
greater  efficiency  and  economy  than  any  other  form  of  stabilizer 
yet  proposed.  The  efficiency  is  demonstrated  by  the  action  of 
carefully  calculated  scale  models  and  is  completely  verified  by 
the  long-continued  performance  at  sea  of  the  gyro  plant  on  the 
Worden.  The  economy  is  evident  from  a  comparison  of  the 
space  and  weight  required  in  an  installation  of  the  active  gyro 
relative  to  that  required  by  the  most  effective  form  of  water 
damping  tanks  or  other  stabilizing  means. 

Careful  calculations  show  that  an  active  gyro  plant  for 
stabilizing  the  S.  S.  Ashtabula  will  require  less  than  one-tenth 
the  space  and  weight  which  would  be  necessary  for  equivalent 
stabilizing  with  the  best-designed  water  pendulum. 

The  results  further  show  that  it  is  now  possible  completely  to 
stabilize  any  ship  against  rolling  by  means  of  an  active  gyro- 
scope, requiring  a  very  small  percentage  of  the  weight  and 
space  available  in  the  ship.  This  work  has  opened  up  a  wide 
field  of  usefulness  in  the  application  of  the  gyroscope. 
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Discussion  on  "The  Electrically   Driven  Gyroscope  in 
Marine  Work*'  (Ford),  Detroit,  Mich.,  June  23,  1914. 

Alfred  E.  Waller:  There  are  two  points  I  would  like  to  ask 
Mr.  Ford  to  explain  further.  One  of  them  is,  just  what  position 
the  gyro  occupies  in  the  ship;  for  instance,  just  what  is  done  to 
it  to  produce  this  rolling  which  has  been  shown  to  be  so  effective 
in  breaking  ice  and  getting  a  ship  through  a  channel  which  would 
otherwise  be  obstructed? 

The  other  thing  I  would  like  to  have'  explained  more  in  detail 
is  this:  I  understand  that  the  directive  force  of  the  gyro  is  a 
certain  component  of  the  angular  motion  of  the  earth,  and  at 
the  poles  this  would  be  zero,  so  this  should  render  the  gyro 
ineffective  at  the  poles.  I  would  like  to  know  to  what  extent 
the  gyro  is  affected  by  extreme  north  or  south  latitudes. 

H.  C.  Ford:  The  method  of  rolling  the  ship  simply  consists 
in  forcing  the  precession  or  oscillation  of  the  gyro  about  its 
vertical  axis.  When  the  ship  rolls,  the  gyro  tends  to  precess, 
and  if  this  precession  is  allowed  to  occur,  resisting  forces  will 
be  set  up  proportional  to  the  velocity  of  precession,  which  will 
partially  stabilize  the  ship.  To  stabilize  the  ship  completely  it 
is  necessary  so  to  control  the  precession  in  time  and  amount  that 
the  varying  wave  forces  are  each  counteracted  by  an  eqtiivalent 
gyroscopic  moment.  By  forcing  the  precession,  energy  may  thus 
be  transferred  through  the  gyro  and  the  ship  made  to  roU. 

The  gyro  may  be  located  in  any  convenient  space  that  is 
available  where  the  necessary  bracing  can  be  secured  to  the 
frame  of  the  ship.  Although  the  forces  are  large  they  are  not 
excessive,  being  approximately  of  the  same  order  of  magnitude 
as  the  wave  forces  counteracted.  It  has  been  found  that  when 
stabilized,  the  ship  is  subjected  to  less  strain  than  when  allowed 
to  roll  freely.  This  is  partly  due  to  the  fact  that  the  waves 
are  neither  uniform  nor  synchronous  with  the  roll  of  the  ship. 
The  freely  rolling  ship  rides  some  waves  easily,  but  frequently 
gets  out  of  step  and  crashes  into  a  wave  with  much  greater 
shock  than  is  the  case  with  the  stabilized  ship,  where  the  effect 
of  the  variable  waves  is  reduced  to  a  moderate  average. 

The  size  of  gyroscope  required  to  stabilize  any  shi]3  depends 
entirely  upon  the  proportions  of  the  ship,  which  vary  greatly 
in  ships  of  a  given  tonnage.  The  gyro  designed  for  the  steam- 
ship Ashtabula  is  much  larger  than  would  be  required  for 
other  ships  of  the  same  displacement,  which  would  ordinarily 
have  a  smaller  metacentric  height.  It  may  seem  strange  that 
the  flatter,  the  more  stable,  a  ship  is,  the  more  it  will  roll  in  a 
heavy  sea,  while  a  ship  proportioned  more  like  a  cigar,  wnth  a 
low  metacenter,  will  not  roll,  although  it  might  capsize.  The 
latter  could  be  effectively  stabilized  with  a  very  small  g>TO. 
The  weight  of  the  gyro  installation  required  for  any  particular 
case  cannot  be  given  without  quite  extensive  calculations. 
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DIRECT-CURRENT  MOTORS  FOR  COAL  AND  ORE 

BRIDGES 


BY  R.  H.  MCLAIN 


Abstract  of  Paper 

This  paper  gives  a  brief  description  of  the  mechanical  ar- 
rangement of  a  coal  bridge.  The  bridge  consists  essentially 
of  a  trolley  car  with  hoisting  mechanism  for  a  self-filling  bucket. 
A  series- wound  motor  is  recommended  for  driving  the  trolley 
car;  and  the  proper  method  of  gearing  the  motor  for  the  most 
economical  results  is  discussed.  A  series- wound  motor  is  recom- 
mended for  a  low-speed  hoist  and  a  shunt-wound  motor  for  a 
high-speed  hoist.  The  relative  merits  of  the  two  methods  of 
winding  the  motor  are  considered. 


A  MAN  trolley  type  coal  or  ore  bridge  consists  essentially 
of  a  trolley  car  on  an  elevated  railway  carrying  a  self- 
filling  bucket,  with  machinery  for  hoisting,  lowering,  opening  and 
closing  the  bucket.  The  name  of  this  type  of  bridge  comes  from 
the  fact  that  the  operator  rides  in  the  car.  The  bucket  is  sus- 
pended on  two  ropes,  a  **  closing  line  "  and  a  **  holding  line."  If 
the  holding  line  is  stationary,  the  bucket  will  close  when  the 
closing  line  is  taken  in  and  will  open  when  the  closing  line  is  let 
out.  The  elevated  track  or  bridge  spans  a  storage  pile  and 
usually  extends  out  over  a  slip  of  water  to  cover  a  boat  and  often 
extends  over  railroad  tracks  on  the  other  end.  The  bridge  is  sup- 
ported on  rails  and  can  move  along  the  storage  pile. 

Either  one  motor  or  two  motors,  in  parallel,  are  used  for  pro- 
pelling the  trolley  car.  Generally  two  motors  are  used — one 
at  one  end  and  one  at  the  other  end  of  the  car — so  as  to  get  uni- 
form weight  distribution  and  maximum  tractive  effort  from  the 
car  wheels.  Two  hoist  drums  are  used,  one  for  the  closing  line 
and  one  for  the  holding  line.  The  closing  line  drum  is  geared 
directly  to  a  motor,  while  the  holding  line  drum  may  be  either 
driven  from  the  closing  drum  through  a  clutch  or  geared  to  a 
separate  motor. 

Sometimes  it  is  deemed  advisable  to  use  two  motors  geared  to- 
gether, instead  of  one,  so  as  to  get  mechanical  advantages  in  the 
trolley,  such  as  even  distribution  of  weight,  and  so  on.     For  pur- 
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poses  of  this  paper  we  will  consider  that  one  motor  is  used  for 
propelling  and  that  one  motor  does  all  of  the  hoisting.  Where 
two  motors  are  geared  together  and  used  as  one,  the  character- 
istics are  the  same  as  if  one  motor  were  used,  except  that  special 
precautions  are  taken  in  the  design  of  the  controllers  to  make  the 
motors  divide  their  loads  properly. 


,    1— SfEED-TORgUE-Cul 


J^  e^  74V 

100-H.  p.  Series- Worse 


The  problem  for  the  [jropclling  sen'icc  is  to  movt,-  the  car  back 
and  forth  over  the  storage  pile,  making  trips  of  various  lengths, 
as  quickly  as  possible.  The  distances  vary  from  50  to  600  ft- 
(15  to  ISOm.),  and  the  car  sjieeds  may  reach  a  maximum  of  1500 
ft,  (460  m.)  \)er  m\nw\e.  A.  iwrics-wound  motor  is  well  adapted 
for  this  service  because  \\.  t^eti.?,  aXio\)^t-Ks  -sict  iiew^  ■«i^'4t«s  torque 
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per  ampere  on  starting  than  on  running.  This  feature  makes  a 
considerable  saving  in  power  consumption  and  power  peak,  as 
well  as  in  the  size  of  the  motor,  because  most  of  the  work  of  this 
motor  is  the  starting  and  slopping  of  the  trolley.  The  usual 
acceleration  for  the  trolley  is  1.5  to  2.5  ft.  (46  to  76  cm.) 
per  second  per  second.  The  speed  for  which  the  trolley  is  geared 
to  run  after  all  accelerating  is  completed — the  "  free  running 
speed  " — should  be  determined  from  the  distance  to  be  traveled 
and  the  time  allowed  for  making  the  trip.  For  short  trips  the 
free  running  speed  should  be  low  and  the  accelerating  rate  high; 
while  for  long  trips  the  free  running  speed  should  be  higher  and 
the  accelerating  rate  lower.     On  a  given  coal  bridge  the  average 
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Fic.   2— Speed- Tine   and   Current-Time  Cubves  of  a  45-Ton  Man 
Trolley.  Geared  to  a  100-h.  p.  Series-Wound  Motor 

Maiimuui  ip«d  of  motor.  655  lev.  per  min.;  miiimum  ipecd  o(  trolley,  10.75  (I.  per  lec. 

length  of  trip  should  determine  the  values  to  be  used.  In  order 
to  study  the  problem  the  writer  has  made  up  a  number  of  curves 
showing  the  distance  traveled  in  given  times  for  various  free 
running  speeds  and  various  rates  of  accelerating.  These  curves 
were  made  by  plotting  speed-time  curves  and  integrating  them  to 
find  the  distance  traveled. 

Pig.  1  shows  the  speed-torque  current  curve  of  a  series-wound 
motor.  If  this  motor  is  geared  to  a  trolley  whose  weight  is  45 
tons,*  gear  loss  10  per  cent,  rolling  friction  35  lb.  (16  kg.)  per 
ton,  free  running  speed  19.75  ft.  (6.02  m.)  per  second,  accel- 
eration and  retardation  1.8  ft.  (55  cm.)  per  second  per  second,  the 
speed-time  curve  will  be  as  shown  in  Fig.  2.  The  area  of  this  curve 

*1  short  toa=0.S0718  metric  too. 
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represents  the  distance  traveled  by  the  trolley  in  60  sec.  Figs. 
3  and  4  show  the  net  results  of  a  number  of  curves  like  Fig.  2, 
Fjg.  3  shows  feet  traveled  plotted  against  seconds  for  free  run- 
ning speeds  between  7.5  ft.  (2.3  m.)  per  sec.  and  25  ft.  (7.6  m.) 
per  sec.,  acceleration  and  retardation  being  taken  as  1.5  ft. 
(46  cm.)  per  sec.  per  sec.  Fig.  4  is  like  Fig.  3,  except  that  2  ft. 
(61  cm.)  per  sec.  per  sec.  is  used. 

It  is  interesting  to  note  on  Fig.  3  that  if  only  75  ft.  (23  m.)  is  to 


T  '- 

alc-f  e-i;  ' 

t 

~  ~  y/\A.\^ 

rt     ll^'X-          -L' 

-^ 

0 

1       . 

aeeonoa 
*NCE-TiME  Curves  for  a  45-Ton  Mas  Trolley 
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be  traveled  it  will  lake  14.5  sec.  no  matter  whether  the  free  run- 
ning speed  is  more  than  10  ft.  (3.05  m.)  per  sec.  or  not.  Conse- 
quently for  75-ft.  (23-m.)  trips  there  is  no  need  of  gearing  for  more 
than  10  ft.  (3.05  m.)  per  sec.  Likewise  for  a  150-ft.  (46-m.) 
trip  there  is  no  need  of  gearinj;  for  more  than  15  ft.  (4.6  m.) 
per  sec.  It  is  easily  understood  that  where  low  trolley  speeds  are 
used  a  given  drawbar  pull  for  accelerating  can  be  obtained  with 
the  expenditure  ol  \es.s  v^^'J.et  vVia.^  -Khen  high  speeds  are  used. 
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It  is  also  interesting  to  note  that  if  225  ft.  (68.5  m,)  must  be 
traveled  in  25  sec.  and  an  acceleration  of  1.5  ft.  (46  cm.)  per  sec. 
per  sec.  (Fig.  3)  is  used,  the  free  running  speed  must  be  18  ft. 
(5.5  m.)  per  sec. ;  while  if  2  ft.  (61  cm.)  per  sec,  per  sec.  (Fig.  4)  is 
used,  the  free  running  speed  need  be  only  13  ft.  (3.9  m.)  per  sec. 
For  distances  less  than  225  ft.  (68.5  m.)  the  first  method  of  gear- 
ing would  require  more  time  per  trip  and  for  distances  greater 
than  225  ft.  less  time. 
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1— Distance-Time  Curves  for  a  45-Ton  Ma 
A  Series- Wound  Motor  for  "  Free  Runnin< 
M  7.5  TO  25  FT.  PER  SEC. 

Acceleration  equal  to  reUidatiaa  equal  to  2  ft.  per  > 


I  Trolley  Geared 
Speeds"  Varying 


For  the  control  of  a  rack  motor,  simple  rheostatic  control  of  the 
automatic  magnetic  type  should  be  used.  On  account  of  the 
large  amount  of  kinetic  energy  to  be  dissipated  when  stopping  the 
trolley  it  is  advantageous  to  use  the  motor  as  a  generator  for 
stopping  and  thus  save  the  maintenance  of  mechanical  brakes. 
To  obtain  this  braking,  the  armature,  series  field  and  a  rheostat 
should  be  connected  in  such  relation  that  the  field  vrill  build  up 
and  the  armature  generate  as  shown  in  Fig.  5.    The  valM-a  Qi\«»a.- 
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tance  should  be  such  that  at  the  maximum  speed  of  the  motor 
sufficient  current  and  voltage  will  be  generated  to  give  the  desired 
rate  of  braking.  As  the  generator  speed  decreases,  the  resistance 
should  be  decreased  so  as  to  maintain  a  uniform  current  and 
consequently  uniform  braking  torque. 

To  determine  the  conditions  of  motor  load  let  us  take  the  case 
of  the  motor  in  Fig.  1  geared  to  the  load  described  in  Fig.  2. 

Weight  of  load  =  45  tons. 

Rolling  friction  =  35  lb.  (16  kg.)  per  ton  when  accelerating. 

Gear  loss  =  10  per  cent. 

Motor  so* geared  that  655  rev.  per  min.  corresponds  to  1185  ft. 
(361.2  m.)  per  min.  or  19.75  ft.  (6.02  m.)  per  sec. 

Acceleration  =  retardation  =  1.8  ft.  (55  cm.)  per  sec. 
per  sec. 

Assume  rolling  friction  30  lb.  (13.6  kg.)  per  ton  when  slowing 
down. 

Assume  gear  loss  5  per  cent  when  slowing  down. 

Pounds  torque  at  one-ft.  radius*  required  to  accelerate  the 
motor  to  655  rev.  per  min.  in  11  seconds  =  74.5. 

Then 

T^       V           iw           1      ^         45 X  2000  X  1.8  _ ..    ,, 

Drawbar  pull  to  accelerate  =  ^^-^ =   d040    lb. 

(2286  kg.). 

Drawbar     pull     for    rolling     friction  =  45  X  35  =   1570  lb. 

(712  kg.). 

lorquctoacccleratcload  =   .^- — ^  _  - -^-^-^^    =   1610 

Ib-ft. 

^  ^  ,  1570  X  1185  -^^,  .,    . 

Torque  to  propel  =  ^55  ^^  2  X  tt  X  0.90  =  ^^^  ^^"''' 

Torque  to  accelerate  armature  =  74.5  Ib-ft. 

Total  torque  required  while  accelerating  =  2184.5  Ib-ft. 

In  Fig.  1,  2184.5  Ib-ft.  torque  corresponds  to  630  amperes. 
After  all  starting  resistance  is  short-circuited  and  the  motor  is 
connected  to  230- volt  supply  its  speed  will  be  (from  Fig.  1)  405 
rev.  per  min.,  which  corresponds  to  12.2  ft.  (3.7  m.)  per  sec. 
Time  required  to  attain  this  speed  will  be  (12.2  -^  1.8  =)  6.8  sec. 
After  this  speed  is  attained  the  acceleration  will  be  grad- 
ually reduced  until  uniform  speed  is  attained.  In  Fig.  2  is 
plotted  the  current  which  corresponds  to  the  speed  and  accelera- 

""•1  lMt.=  0.1383  ikg-m!  '  " 
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ting  rate  of  the  car.     After  19.75  ft.  (6.02  m.)  per  sec.  is  attained, 
(19.75  -r  1.8  =)  11  sec.  will  be  required  to  stop. 
Drawbar  pull  to  retard  = 

45  X  2000  X  1.8 


32.2 


=  5040  lb.  (2286  kg.). 


Drawbar  pull  for  rolling  friction  =  45 X 30  =  1350  lb.    (612  kg.) 

Net  required  drawbar  pull  =  3690  lb.   (1674  kg.) 


Net  torque  corresponding  = 

3690  X  1185  X  0.95 


=  lOlOlb-ft. 


655  X  2  X  7r 

Torque  to  retard  motor  = 74 .  b  Ib-ft . 

Total  torque  to  retard  =  "TogT .5  Ib-ft. 

From  Fig.  1,  1084.5  Ib-ft.  torque  corresponds  to  375  amperes 
and  500  rev.  per  min.  If  wc  assume  that  the  motor  has  an  in- 
ternal resistance  of  0.04  ohm  its  internal  voltage  with  an  ex- 
citation of  375  amperes  at  500  rev.  per  min.  will  be  230  -  (375 
X  0.04)  =  215  volts.     At  655  rev.  per  min  and  375  amperes  the 

655 

internal  voltage  will  be  approximately  ^^  X  215  =  282   volts. 

The  resistance  in  series  with  the  armature  must  therefore  be 
282  -^  375-0.04  =  0.715  ohm. 

A  series  motor  will  build  up  as  a  generator  when  its  field  and 
armature  are  connected  in  the  proper  relation,  but  it  takes 
several  seconds  for  this  to  take  place.  Therefore  it  is  advisable 
to  excite  the  field  separately  with  a  small  amount  of  current  so 
as  to  hasten  this  action.  Now,  even  with  separate  excitation, 
about  one  second  more  may  elapse  before  full  magnetic  strength 
is  attained.  During  this  time  there  has  been  some  braking  action 
from  the  motor,  so  that  by  the  time  full  magnetism  is  attained, 
the  speed  is  less  than  655  rev.  per  min.  and  the  voltage  never 
attains  the  value  of  282  which  was  calculated. 

When  the  time  constants  of  the  magnetic  field  and  the  ab- 
solute voltage  and  cturent  capacity  of  a  motor  are  well  known 
it  is  possible  to  get  results  in  braking  which  are  far  superior  to  the 
calculated  conditions  in  Fig.  2.  The  retardation  may  be 
made  much  greater  without  overloading  the  motor  in  either 
current  or  voltage  or  kilowatt  output.  Fig.  5  shows  the  connec- 
tions for  a  rack  motor  controller  which  gives  power  and  dynamic 
braking  in  both  directions  of  rotation.     The  resistance  blocks. 
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must  be  proportioned  not  only  for  smooth  accelerating  but  for 
retarding  in  the  pro])er  manner  to  suit  the  motor  characteristics. 

For  hoist  service  we  have  the  choice  of  series,  compound  or 
shimt-woimd  motors.  The  conditions  which  affect  the  choice 
are  voltage  variation,  amount  of  power  available,  height  of  hoist 
and  time  required  for  the  trip.  A  voltage  variation  of  10  to  20 
per  cent  is  usual.  The  power  supply  is  generally  limited,  or  at 
any  rate  peaks  are  penalized.  The  height  of  hoist  in  some  loca- 
tions is  as  low  as  40  ft.  (12  m.)  and  in  others  as  high  as  180  ft. 
(55  m.).  Time  allowed  for  the  hoist  may  be  anywhere  from  6  to 
15  sec. 

The  hoisting  speed  is  of  course  fixed  by  the  distance  and  time. 
Where  a  low  speed  is  used,  the  time  of  starting  and  stopping  is 
unimportant,  bi^t  for  high  speeds  the  time  consumed  in  this  way 
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is  all- important.  It  is  my  opinion  that  a  series-wound  motor 
should  be  used  for  speeds  of  31)0  fi.  (1 10  m.)  per  min.  or  less  if  the 
height  of  hoist  is  such  that  at  the  speed  used  more  than  8  sec. 
are  consumed  in  the  trip.  For  greater  speeds  and  shorter  time 
periods  a  comiiound-wounfl  motor  should  bo  used.  For  still 
greater  speeds  of,  say,  "00  ft.  (213  m.)  per  min.  or  more,  a  shunt- 
wound  motor  should  be  used.  In  order  to  present  my  ideas  I 
will  use  two  extreme  examyjlcs. 

Let  us  take  a  speed  of  300  ft.  (01..5m.)  perniin..or  5  ft.  (1.52m.) 
per  sec,  a  hei),'ht  fif  40  ft.  (12  ni.)  and  a  bucket  which  has  35 
ft.  (10,0  m.)  of  rope  to  be  tiiken  up  while  it  is  closing.  It  is 
possible  on  such  a  !>ueket  to  let  the  motor  nm  at  full  speed 
while  the  bucket  blades  are  in  the  act  of  etmiing  together  and  the 
bucket  is  starting  up;  therefore  no  time  is  lost  by  running  at  re- 
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Fig.  7— View  of  a   Man  Thollev  Coal   Brid<.e  Spansiso  a  Coal 
Stokaoe    File    aso   a    Boat 


Fif;.  s— View  of  Bicket  and  Trollev  Lse»  ox  Bridge  in  Fig  7. 
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duced  speed  from  the  time  the  motor  attains  full  s])ecd  in  starting 
to  close  until  the  bucket  is  fully  hoisted.  If  a  shunt  motor  were 
used,  1.5  sec.  would  be  required  to  start,  1  sec.  to  stop  and  13.75 
sec.  would  be  required  for  full-speed  running,  to  wind  up  the 
whole  seventy  five  ft.  (22.8  m.)  of  rope.  This  makes  a  total  of 
16.25  sec.  to  make  the  trip.  If  a  series  motor  were  used,  the 
same  time  would  be  required,  except  for  the  fact  that  while  the 
bucket  is  being  closed  the  load  on  the  motor  is  small  and  the 
motor  speeds  up.  The  motor  will  run  about  30  per  cent  above 
normal  speed  for  most  of  the  closing  period,  but  toward  the  end 
of  this  period  the  load  increases  and  the  speed  comes  down  to 
normal.  About  one  second  is  saved  by  the  series  motor  on  each 
trip.  Therefore  the  shunt  motor  would  have  to  be  geared  for  6 
per  cent  more  speed  in  order  to  make  the  trip  as  quickly  as  the 
series  motor,  and  would  take  6  per  cent  more  power  while  hoistitig 
at  full  speed.  Automatic  current  limit  control  is  used  on  these 
motors ;  and  since,  at  times,  it  is  necessary  to  start  the  bucket  from 
midair,  the  relays  must  be  set  for  a  current  which  will  be  great 
enough  to  start  the  loaded  bucket  even  at  the  lowest  line  voltage. 
No  more  than  this  current  is  required,  because  the  time  of  starting 
is  unimportant.  When  a  relay  drops  and  a  contactor  short- 
circuits  a  block  of  resistance,  there  is  a  consequent  current 
peak.  For  a  given  number  of  contactors,  the  ratio  of  these 
current  peaks  to  the  current  at  which  a  relay  drops  is  at  least  10 
per  cent  more  for  a  shunt  than  for  a  series  motor.  Furthermore, 
the  current  at  which  a  relay  drops  must  be  made  greater  on  a 
shunt  motor,  because,  on  low  voltage  and  consequently  weakened 
field,  more  current  is  required  for  a  given  torque  than  is  required 
on  a  series  motor  whose  field  strength  is  not  affected  by  voltage 
variation.  On  80  per  cent  of  normal  voltage  the  current  in  a 
shunt  motor  may  increase  as  much  as  10  or  20  per  cent.  Sum- 
ming up  the  above  statements,  we  see  that  the  starting  current 
on  the  shunt  motor  will  be  about  (1.06  X  MO  X  1.15  =)  1.34 
times  the  starting  current  on  a  series  motor.  The  series  motor 
has  the  further  advantage  that  when  the  bucket  is  not  digging 
much  coal  and  the  weight  is  reduced,  the  speed  will  increase. 
Another  advantage  is  that  the  series  motor  can  stand  the  rapid 
voltage  fluctuations  with  no  damage,  while  a  shunt  motor  may  be 
damaged. 

On  high  hoist  speeds  all  of  the  advantages  mentioned  above 
for  the  series  motor  disappear,  and  a  very  decided  advantage 
appears  for  the  shunt  motor.     At  these  high  speeds  it  is  import- 
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ant  that  the  full  hoisting  sjjeed  be  as  nearly  constant  as  possible, 
regardless  of  voltage  or  load.  The  speed  of  a  series  motor  may 
var\'  at  least  30  per  cent  more,  under  ser\-ice  conditions, 
than  that  of  a  shtmt  motor.  If  the  speed  is  say,  15  ft.  (4.57  m.) 
per  sec.,  30  per  cent  variation  means  4.5  ft.  (1.37  m.)  per  sec. 
An  operator  cannot  be  expected  to  hoist  to  the  correct  height 
under  such  conditions  without  wasting  considerable  time  run- 
ning at  low  speed  just  before  stopping  at  the  top.  Another 
advantage  of  the  shunt  motor  is  that  it  is  very  easy  and  simple 
to  provide  dynamic  braking  for  stopping  at  the  top  so  that  no 
time  need  be  wasted  in  getting  stopped. 

Let  us  take  the  example  of  900  ft.  (274  m.)  per  min.  or  15  ft. 
(4.57  m.)  per  sec.  speed,  and  90  ft.  (27.4  m.)  height.  A  shunt 
motor  will  close  the  bucket  as  quickly  as  a  series  motor  because 
the  bucket  will  not  dig  properly  if  either  motor  runs  at  full  speed. 
It  is  necessary  to  slow  down  or  stop  just  as  the  bucket  blades  close, 
because  the  speed  is  so  high.  In  order  to  make  it  worth  while 
to  use  such  a  high  speed,  not  over  3  sec.  can  be  allowed  for  accel- 
erating. This  means  that  a  rate  of  5  ft.  (1.52  m.)  per  sec.  f>er  sec.  is 
used  for  acceleration  or  an  extra  pull  of  15.5  per  cent  on  the  bucket. 
About  15.5  per  cent  additional  pull  is  required  to  accelerate  the 
drums  and  gears.  In  most  cases  a  torque  equivalent  to  50  per  cent 
of  the  pull  on  the  bucket  is  required  to  accelerate  the  motor  arma- 
ture. The  total  torque  required  for  accelerating  in  3  sec.  and  for 
hoisting  is  therefore  181  per  cent  of  the  torque  required  for  hoist- 
ing alone.  In  order  to  accelerate  so  quickly  the  current  relays 
must  be  set  to  drop  down  at  145  ]>er  cent  of  the  hoisting  current. 
This  is  so  high  above  normal  that  even  on  80  per  cent  voltage  the 
motor  will  start  and  therefore  no  extra  current  peaks  are  encount- 
ered, as  would  be  the  case  on  a  low-speed  hoist.  There  would, 
however,  be  greater  peaks  of  current  caused  by  the  short-cir- 
cuiting of  the  starting  resistance,  unless  the  field  were  made 
es|jecially  strong  for  starting  and  then  reduced  to  normal  strength 
during  full  Sliced  running.  An  increase  of  speed  due  to  a  light 
load  is  a  disadvantage  on  such  a  high  speed  because  it  deceives 
the  oy)erator  and  causes  mistakes  in  the  height  to  which  the 
bucket  is  hoisted.  A  motor  which  has  enough  reserve  capacity 
on  its  commutator  to  stand  the  81  per  cent  overload  encountered 
at  starting  will  not  be  liable  to  much  damage  from  fluctuating 
voltage,  and  therefore  no  extra  cost  need  be  put  into  the  motor 
to  make  it  stand  this  condition. 

As  mentioned  above,  it  is  advantageous  to  stop  at  the  top  ^nth 
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dynamic  braking  on  a  hij^h-specd  hoist.  If  the  motor  is  geared 
directly  to  its  load  the  combined  motor  and  load,  for  the  case  of 
900  ft.  (274  m-)  per  min.  speed  above  stated,  would  coast  {0.81  X 
3  =)  2,43sec.  afterpowerisshutofE,  andinthistimewould  travel 
{2.43  X  15  4-  2  =)  13.2ft.  (4  m.)  One  second  of  this  time  could 
be  saved  by  waiting  till  the  bucket  is  within  7.5  ft.  (2.3  m.)  of  the 
top  and  then  applying  full  capacity  of  the  motor  as  a  brake  by 
connecting  resistance  in  parallel  with  the  armature.  '  Such  an 
arrangement  has  other  practical  advantages.  For  example, 
if  the  bucket  is  just  starting  out  of  a  boat  and  is  about  to  strike 
a  hatch  coaming,  it  is  imperative  that  an  easy  means  of  making  a 
quick  stop  be  at  hand. 

It  is  common  practise  on  low-spccd  hoists  which  use  series 
motors  to  lower  the  empty  bucket  by  dynamic  braking.     AH 


//fovt  afbiar 


that  is  needed  is  to  determine  the  torque  on  the  motor  shaft  by 
making  mechanical  calculations.  Find  the  current  which  flows 
in  the  motor,  when  this  torque  is  exerted,  by  referring  to  the 
motor  curve.  Provide  a  rheostat  in  series  with  the  armature 
and  series  field  of  such  value  that  voltage  drop  in  the  rheostat 
with  necessary  current  flowing  will  be  equal  to  rated  voltage  of 
the  motor.  Many  motors  can  stand  more  than  rated  voltage 
under  this  condition,  because  the  current  is  relatively  small. 
Thus  the  lowering  speed  can  be  much  more  than  the  hoisting 
speed.  However,  when  this  resistance  is  short-circuited  to  stop 
the  motor,  there  is  a  large  current  peak  which  causes  an  increase 
in  the  motor  voltage  before  the  speed  is  actually  reduced,  be- 
cause the  current  peak  over-excites  the  field.  It  is,  therefore, 
necessary  to  do  this  short-circuiting  in  several  small  steps,  elst 
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or  multiple.  We  use  dynamic  braking  on  the  lowering,  but 
with  only  one  of  the  motors  on  dynamic  braking,  t.^.,  having 
only  one  motor  perform  the  dynamic  fimction.  We  had  to  do 
some  scheming  to  get  the  arrangement  of  contactors  which 
would  allow  us  to  hoist  in  multiple,  and  also  use  dynamic  braking 
with  one  motor,  but  it  can  be  done,  and  done  very  nicely. 
R.  H.  McLain:  In  all  large  hoists  of  5-ton  bucket  capacity  and 
greater,  I  think  I  am  perfectly  safe  in  saying  that  dynamic  braking 
is  used,  for  the  reason  that  friction  brakes  large  enough  to  stand 
the  wear  and  tear  would  take  up  too  much  room  and  be  too 
expensive  to  maintain.  That  seems  to  be  the  present  attitude 
of  those  designing  these  bridges.  For  smaller  hoists  this  is 
not  so  generally  the  case.  It  is  sometimes  a  matter  of  opinion, 
but  I  believe  the  most  popular  way  is  to  use  dynamic  braking. 
Sometimes  dynamic  braking  is  used  on  the  hoist  motion  alone 
and  not  on  the  racking  motion,  and  at  other  times  on  both 
motions.  The  present  status  of  the  art  was  arrived  at  by  a 
lot  of  trials  with  various  ways  of  handling  brakes.  Of  course, 
on  hoist  motion  they  always  have  mechanical  brakes  to  sustain 
the  load,  but  not  necessarily  to  lower  it. 


Prestnttd  at  the  3l5l  Annual  Convention  of  the 
American  Institute  of  Electrical  Engineers, 
Detroit,  Mich.,  June  23.  1914.  under  the  aus- 
pices of  the  Industrial  Power  Committee. 
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METHODS    OF   KEEPING    DOWN   PEAKS    ON    POWER 

PURCHASED  ON  A  PEAK  BASIS 


BY   T.    E.   TYNES 


Abstract  of  Paper 

The  author  mentions  two  general  ways  of  reducing  peaks, 
the  first  being  to  furnish  the  peak  power  from  a  separate  source 
such  as  a  local  steam  turbine,  and  the  second  to  store  some  of 
the  power  furnished  by  the  power  company,  which  is  given 
up  later  when  the  peak  demand  comes  on.  In  the  case  of  the 
plant  described  by  the  author  a  mixed  pressure  turbine  was 
installed  to  take  the  peaks,  this  being  selected  on  account  of 
available  exhaust  steam  from  pumps,  air  compressors,  etc.  The 
turbine  is  direct-connected  to  two  direct-current  generators 
mounted  on  a  common  bed-plate.  The  first  plan  tried  was 
to  use  a  motor- driven  rheostat  operated  with  clutches  which  in 
turn  were  operated  by  solenoids  energized  by  current  controlled 
by  a  contact-making  ammeter. 

After  the  installation  of  a  maximum  demand  meter  which 
integrates  the  one-minute  peaks,  the  rheostat  control  was 
found  to  be  too  slow  and  a  special  peak-taking  device  was  then 
installed.  This  device  consists  of  a  rod  carrying  points  which 
successively  make  contact  with  mercury  cups  and  which  is 
operated  by  the  moving  element  of  the  graphic  meter.  These 
mercury  contacts  close  relay  circuits  which  operate  to  short- 
circuit  sections  of  resistance  in  the  field  rheostat  of  the  turbo- 
generator, raising  its  voltage,  and  also  cut  in  sections  of  re- 
sistance in  the  field  rheostat  of  the  motor-generator  set,  weaken- 
ing its  field  and  thus  reducing  its  load. 


THE  BENEFICIAL  results  to  be  obtained  by  maintaining  a 
good  load  factor  are  so  well  known,  both  to  the  producer 
and  purchaser  of  power,  as  scarcely  to  need  mentioning.  From 
the  producer's  standpoint,  the  increased  generating  capacity  made 
available,  the  better  regulation  obtained  on  the  generating 
apparatus,  and  lower  maintenance  costs  on  generating  apparatus 
due  to  absence  of  shocks  from  violent  fluctuations  of  load, 
give  results  that  are  well  worth  striving  for. 

From  the  consiuner's  standpoint,  especially  those  who  pay 
on  a  peak  basis,  a  high  load  factor  is  very  desirable  in  that 
they  receive  more  power  for  a  given  sum  of  money;  or,  in  other 
words,  their  rate  per  horse  power-hour  or  horse  power-year 
is  decreased. 

There  are  several  ways  in  which  these  desirable  resvail'Sk  ^'^'^ 
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be  obtained  by  consumers  of  purchased  power.     They  may   be 
grouiK'd  under  two  j^eneral  methods: 

In  the  first  method,  the  power  demand  represented  by  the 
peak  is  furnished  from  a  separate  source,  such  as  a  local  steam 
turbine,    hydroelectric   or   gas-engine-driven   plant. 

In  the  second  method,  the  power  required  of  the  peak  was 
previously  furnished  by  the  power  company  and  stored  by  the 
purchaser  to  be  given  up  later  when  the  peak  demand  comes  on. 
This  storing  of  energy  may  be  accomplished  either  by  means  of 
storage  batteries,  or,  in  case  of  frequent  peaks  of  short  duration, 
by  means  of  heavy,  rapidly  revoKHng  flywheels. 

It  is  to  be  noted  that  in  the  second  method  the  average  de- 
mand on  the  power  company  is  higher  for  a  given  total  energy 
consumption  by  the  purchaser  than  in  the  first  method. 

In  the  Institute  Transactions  for  1911  a  method  of  lopping 
off  peaks  on  power  furnished  to  ore  bridges  is  described*  by 
Messrs.  Motter  and  Tatum.  The  results  are  accomplished 
by  means  of  a  d-c.  machine  on  the  shaft  of  which  is  mounted 
a  flywheel.  This  fl>'wheel  set  floats  across  the  line  and  is  either 
absorbing  or  giving  up  energy,  according  to  the  demands  of 
the  circuit  to  which  it  is  connected,  and  may  be  called  an  electro- 
mechanical storage  battery.  By  a  suitable  arrangement  of 
relays  and  switches  the  set  absorbs  energy  when  the  demand 
on  the  circuit  is  below  a  predetermined  amount  and  gives  up 
its  stored  energy  when  the  demand  on  the  circuit  exceeds  this 
amount. 

In  the  following  pages  the  writer  will  briefly  describe  a 
method  by  which  an  improved  load  factor  was  obtained  on  pur- 
chased power. 

Some  exhaust  steam  being  available  from  hydraulic  ptunps 
and  air  compressors  in  the  power  house  of  the  company  with 
which  the  writer  is  connected,  it  was  decided,  after  studying 
the  conditions  carefully,  to  install  a  mixed  pressure  turbine  to  take 
peaks,  so  as  to  get  a  more  uniform  load  factor  on  the  purchased 
power.  The  latter  is  delivered  at  60,000  volts  and  stepped 
down  to  2300  volts.  At  this  voltage  the  greater  part  of  it  is 
used  to  drive  synchronous  motor-generator  sets,  and  the  re- 
mainder is  further  stepped  down  to  440  volts  and  used  to  drive 
three-phase  induction  motors. 

As  the  greatest  fluctuations  and  largest  demand  came  on  the 

♦  Flywhed  Load  Eqiiulizfr,  Transactions  A.  I  E.  E..  XXX,  1911, 
page  729. 
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d-c.  side  of  the  motor-generator  sets,  it  was  found  to  be  more 
efficient  to  generate  direct  current  directly  rather  than  generate 
alternating  cturent  and  convert  it  to  direct  current  through 
the  motor-generator  sets,  a  saving  of  at?  least  16  per  cent  being 
effected. 

Accordingly  a  750-kw.  mixed  pressure  d-c.  turbine  unit  was 
purchased,  views  of  which  are  shown  in  Figs.  1,  2  and  3.  The 
turbine  is  direct-connected  to  two  375-kw.  250-volt  commuta- 
ting-pole  four-pole  generators  driven  at  1500  rev.  per  min.,  all 
mounted  on  a  common  bedplate.  The  generators  are  mechani- 
cally coupled  in  tandem  and  electrically  coupled  in  parallel. 
Each  machine  is  complete  in  itself,  so  that  if  one  machine  fails 
the  other  can  deliver  its  full  output,  making  50  per  cent  load 
on  the  turbine. 

Power  is  purchased  on  the  basis  of  the  one-minute  peak. 
At  the  time  the  turbine  installation  was  planned,  the  one-minute 

peak    was   measured   by   a   scale,   the 
height  of  the  peak  being  the  point  at 
^  which  the  one-minute  space  would  just 

H  A    TA/i         come  within  the  boundary  of  the  peak, 

/^/^\^^^         ^\/  shown  by  A,  Fig.  4. 
f  A.  The  turbine  would  naturally  respond 

to  a  change  of  load  more  qiiickly  than 
the  other  apparatus,  but  would  not, 
unassisted,  take  all  the  peak  that  it 
was  desired  that  it  should;  therefore  a 
motor-driven  rheostat  was  furnished  (Fig.  5),  with  two  faces, 
one  for  each  generator  on  the  turbine.  The  small  motor 
runs  continuously,  transmitting  its  power  to  a  shaft  at  right 
angles  to  it.  On  this  shaft  are  two  clutches,  one  half  of 
each  of  which  is  fastened  on  the  continuously  running  shaft. 
The  other  half  of  each  clutch  is  connected  through  gearing  to 
the  rheostat  arms  in  such  a  manner  that  when  one  of  the  clutches 
is  engaged  the  arms  on  the  rheostats  revolve  clockwise  and 
when  the  other  clutch  is  engaged  the  arms  rotate  counter-clock- 
wise. The  clutches  are  interlocked  so  that  only  one  can  be  in 
at  a  time.  The  clutches  are  operated  by  solenoids  energized 
by  current  controlled  by  a  contact-making  ammeter. 

About  this  time  the  power  company  perfected  a  maximum 
demand  meter  which  integrates  the  one-minute  peaks.  They 
installed  this  instrument  in  our  substation,  with  the  result 
that  our  peaks  jumped  up  from  8  to  12  per  cent  above  those 
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previously  obtained  on  the  same  load,  due  to  the  portion  B, 
Fig.  1,  being  added  by  the  integration,  which  by  the  scale 
method  of  measurement  was  not  taken  into  account.  Our  load 
factor  was  of  course  lowered  proportionately.  This  put  us  on 
our  mettle  to  try,  if  possible,  to  regain  our  lost  load  factor. 

We  found  the  rheostat  method  of  control  too  slow,  as   every 
second  counted  on  that  integrated  peak,  so  we  tried  another 


fti  rut  Cleekwisr  fae'.n^ 


scheme  of  control  which  is  illustrated  in  Fig.  6,  a  description 
of  which  follows: 

The  piece  A  consists  of  a  metal  rod  with  three  points,  P\, 
pi  and  pa,  projecting  downward  over  the  centers  of  three  cups 
partly  filled  with  mercury,  />i  is  shorter  than  pi  and  />»,  which 
are  the  same  length. 

A  is  raised  and  lowered  by  the  moving  element  of  a  graphic 
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recording  wattmeter,  which  serves  the  double  purpose  of  opera- 
ting the  peak-taking  device  and  makinga  visible  record  of  the  load. 
The  points  Pi,  pt  and  pz  are  so  adjusted  that  when  the  load 
reaches  the  predetermined  amount  at  which  it  is  desired  it  shall 
be  held,  the  points  pi  and  pz  just  touch  the  mercury,  closing  the  cir- 
cuit through  the  operating  coil  of  contactor  C  Ti,  which  closes, 
short-circuiting  a  section  of  resistance  in  the  shunt  field  rheostat 
of  the  turbine,  raising  its  voltage  and  causing  it  to  take  more 
load.  When  C  T\  closes,  it  opens  a  relay  in  the  circuit  of  the 
operating  coil  for  contactor  C  Af i,  which  causes  the  latter  to 
open,  cutting  in  a  section  of  resistance  into  the  shunt  field 
rheostat  of  the  motor-generator  set,  weakening  its  field  and 
reducing  its  load. 


Series  Fid. 


Shunt  nd. 
Resist 


Fig.  6 — Diagrammatic   Sketch   of   Peak-Taking   Device 


If  the  reduction  of  the  load  on  the  motor-generator  sets  and 
the  increased  load  on  the  turbine  is  not  sufficient  to  keep  the 
peak  down  to  the  predetermined  amount,  the  points  p\,  p% 
and  pi  will  be  still  further  lowered,  allowing  pi  to  come  into 
circuit,  closing  contactor  C  T%,  cutting  more  resistance  out  of 
the  shunt  field  circuit  of  the  ttirbine  and  cutting  more  resistance 
into  the  shunt  field  circuit  of  the  motor-generator  sets,  causing 
a  further  increase  of  load  on  the  turbine,  and  decrease  of  load 
on  the  motor-generator  sets. 

In  order  to  protect  the  ttirbine  from  excessive  overloads,  a 
shunt  is  inserted  in  the  positive  leads  of  the  turbine  generators. 
The  current  around  this  shunt  operates  a  contact-making 
ammeter,  which  opens  and  closes  the  circuit  to  the  mercury 
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cups.  It  is  adjusted  to  open  the  circuits  at  50  per  cent  overload 
on  the  turbine.  When  the  turbine  reaches  this  load,  any  fur- 
ther increase  in  its  load  causes  the  contacts  to  part,  opening 
the  control  circuit  to  contactors  C  T\  and  C  Tt,  which  opens, 
and  in  opening  closes  the  contactors  C  M\  and  C  Mt,  The 
result  of  these  operations  is  to  decrease  the  load  on  the  turbine 
and  increase  it  on  the  motor-generator  sets  until  the  turbine 
load  falls  below  its  overload  limit.  When  this  is  reached  the 
contactors  C  T\  and  C  T2  again  close  and  C  Mi  and  C  Mt  open, 
this  action  of  the  contact-making  ammeter  being  similar  to  a 
voltage  regulator. 

When  the  load  reaches  the  point  below  which  we  do  not 
want  to  take  peaks,  the  point  pi  is  raised,  breaking  the  circuit 
through  contactor  C  T2  and  C  M2,  causing  the  former  to  open 
and  the  latter  to  close,  reducing  the  load  on  the  turbine  and 
increasing  it  on  the  motor-generator  sets.  A  further  decrease 
of  load  causes  p2  and  pz  to  rise,  opening  the  circuit  C  Ti  and 
closing  the  circuit  C  Mu  which  causes  the  turbine  to  float  on 
the  line  at  a  very  light  load  and  the  motor-generator  set  to 
take  full  load  or  whatever  demand  may  be  made  on  it  at  the 
time. 

The  turbine  installation  has  given  excellent  service  and 
good  commutation  has  been  obtained  in  spite  of  the  high  speed 
of  rotation  (1500  rev.  per  min.). 

An  average  curve,  without  the  peak-taking  device  on,  is 
shown  in  Fig.  7,  while  in  Fig.  8  are  shown  practically  the  same 
conditions  with  the  ])eak-taking  device  working. 
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Discussion  on  "  Methods  of  Keeping  Down  Peaks  on 
Power  Purchased  on  a  Peak  Basis'*  (Tynes),  Detroit, 
Mich.,  June  23, 1914. 

Rudolph  Tschentscher:  Power  contracts,  as  you  all  know, 
ure  usually  made  on  a  peak  basis,  and  the  question  of  the  re- 
iuction  of  these  peaks  is  a  most  important  one.  I  believe  it  is 
lesirable  to  emphasize  the  point  Mr.  Tynes  has  mentioned, 
lamely,  that  the  reduction  of  peaks  is  of  material  benefit  to 
;he  power  generating  company. 

Paul  M.  Lincoln:  This  point  that  Mr.  Tynes  has  raised  is 
in  exceedingly  important  one.  Wherever  power  is  taken  from 
I  hydraulic  plant,  the  maximum  demand  method  of  charging 
s  a  logical  one;  no  question  about  it.  This  is  particularly  true 
n  the  case  of  the  hydroelectric  plant  where  the  water  is  not 
imited,  such  as  the  Niagara  Falls  plant.  It  does  not  matter 
;o  the  power  company  whether  the  power  is  taken  for  15  minutes, 
>r  one  minute  a  day,  or  for  the  24  hours  continuously,  it  is  the 
naximum  demand  which  dictates  the  amount  of  the  power  bill, 
Decause  the  ability  of  the  power  company  to  supply  power  is 
imited  by  the  output  of  the  prime  mover  or  of  the  generator. 
rhe  fact  that  the  power  is  taken  continuously  24  hours  a  day 
nerely  means  that  the  water  is  running  through  the  wheels 
for  that  length  of  time,  instead  of  running  over  the  spillway, 
[t  is  therefore  perfectly  logical  for  the  power  company  to  insist 
upon  a  system  of  selling  on  the  maximtun  demand  basis. 

In  the  case  of  the  steel  company  which  Mr.  Tynes  represents, 
ts  power  curve  is  anything  but  an  even  line  of  continuous 
demand.  It  also  has  its  own  apparatus  for  generating 
power,  and  his  problem  has  been  to  so  regulate  his  apparatus 
as  to  make  the  power  taken  from  the  power  company  show  an 
even  line,  to  so  regulate  his  own  apparatus  that  all  of  the  excess 
above  that  even  line  is  taken  from  his  own  steam  plant.  The 
method  which  he  has  used  to  secure  that  result  is  exceedingly 
interesting,  and  one  of  very  great  value. 

J.  Lester  Woodbridge:  This  paper  presents  a  special  solution 
of  a  problem  which  undoubtedly  exists  very  commonly  in 
districts  where  power  is  purchased  on  the  maximum  demand 
basis.  It  woidd,  perhaps,  be  interesting  to  compare  the  results 
obtained  by  this  solution  with  those  which  might  have  been 
obtained  by  the  application  of  a  storage  battery,  but  the  data 
given  in  the  paper  are  hardly  sufficient  to  permit  of  such  a  com- 
parison being  made.  Doubtless  the  solution  adopted  in  this 
particular  case  was  the  wise  one  in  view  of  the  presence  of  ex- 
haust steam  which,  I  presume,  was  obtained  without  additional 
20st.  The  paper,  however,  does  not  give  us  the  length  or  the 
height  of  the  peak  very  definitely. 

It  would  be  interesting  to  have  the  financial  results  set  forth 
in  this  paper  as  well  as  the  technical  results;  for  example,  whether 
the  operation  of  this  turbine  actually  costs  anything  for  fuel,  that 
is,  whether  the  steam  was  supplied  without  additional  cost  for  fuel, 
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whether  the  exhaust  steam  was  sufficient  to  operate  the  ttirbine, 
or  whether  some  live  steam  had  to  be  used;  also  whether  the 
cost  of  attendance  was  increased.  In  fact,  the  total  cost  of 
operating  the  plant  would  be  an  interesting  item,  so  that  we 
might  compare  that  with  the  saving  effected.  Possibly  these 
figures  might  be  added  by  the  author  in  a  subsequent  discussion. 

It  would  also  be  interesting  to  know  the  total  powder  produced 
by  the  mixed  tiu'bine  and  the  cost  per  kilowatt-hour  to  produce 
it.  It  also  occurs  to  me  to  ask  whether,  if  the  power  is  obtained 
without  cost  by  utilizing  exhaust  steam,  the  investment  for 
the  installation  having  once  been  made,  it  would  be  economical 
to  operate  this  outfit  to  handle  more  than  merely  the  peak  load. 
Could  it  be  operated  24  hours  a  day  to  take  some  of  the  body 
of  the  loiad  itself,  if  it  does  not  cost  anything  to  operate?  A 
number  of  these  questions  could  perhaps  be  very  interestingly 
discussed  in  an  addition  to  the  paper. 

J.  R.  Bibbins:  Considering  this  paper  from  the  standpoint 
of  the  central  station,  I  notice  from  Fig.  4  that  a  one-minute 
maximiun  is  the  basis  upon  which  this  system  depends.  It 
seems  to  me  that  the  economic'value  of  this  whole  peak-reduc- 
ing apparatus  depends  greatly  upon  what  diu'ation  of  the  peak 
is  incorporated  in  the  power  contract.  I  have  in  mind  a  rail- 
way load  in  which  the  maximum  demand  is  over  100,000  kw. 
The  power  contract  involves  a  fixed  rate  primary  or  readiness- 
to-serve  charge,  proportioned  to  the  maximum  demand  of  an 
hoiu"'s  diu'ation  (averaged  over  three  successive  days),  and  a 
secondary  or  service  charge,  dependent  upon  the  output  of  the 
station,  and  with  a  sliding  scale  of  rates  per  kilowatt-hoiu". 
This  works  out  as  follows:  During  the  summer  the  maximum 
peak  loads  are  very  largely  reduced,  but  the  railway  company 
continues  paying  for  the  maximum  one-hour  demand  of  the 
previous  winter,  and  logically  so,  throughout  the  entire  year. 
If  a  mild  winter  happens  to  occur,  in  which  the  heating  and 
the  additional  friction  load  is  reduced,  these  two  factors  combine 
to  reduce  the  maximum  peak  and  primary  charge. 

Now,  the  point  that  interests  me  here  is  the  use  of  this  one- 
minute  maximum,  and  if  we  analyze  a  railway  load  it  is  very 
clear  that  the  actual  peak  upon  which  such  a  primary  charge 
depends  is  not  always  of  as  long  duration  as  stated  in  this  con- 
tract, i.e.,  one  hour.  And  so  it  occurs  to  me  that  there  is  a 
possibiHty  of  applying  a  shorter  maximum  period  in  power 
contracts  for  such  large  systems  with  primary  charge  adjusted 
in  accordance  with  the  relative  overload  capacity  of  the  station. 
Referring  back  to  the  prime  mover,  it  is  very  clear  that,  wnth 
the  very  large  units  now  used  and  the  great  overload  capacity 
available  within  reasonable  limits  of  temperature  rise,  if  we  had 
a  shorter  maximum  period  than  one  hour  the  primary  charge 
upon  which  it  is  computed  might  be  considerably  less  than  it 
is  to-day. 

In  this  particular  case  the  contract  worked  out   in   a  very 
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pectdiarway.  As  the  system  expanded  and  the  power  load  built 
up,  it  was  found  that  the  primary  charge  kept  ahead  of  the 
secondary  charge,  with  the  net  result  that  the  total  cost  per 
kilowatt-hour  actually  increased  as  the  power  consumption  of 
the  railway  increased.  It  seems  rather  illogical  that  with  a 
load  increasing  from  60,000  to  100,000  kw.  the  net  cost  of 
power  per  kilowatt-hour,  including  these  two  factors,  primary 
and  secondary,  should  have  risen  under  conditions  of  such  an 
extremely  large  output.  One  explanation  will  occur,  from  the 
fact  that  any  considerable  improvement  in  the  service  of  street 
railways  necessarily  means  more  service  at  rush  hours.  In 
fact,  the  street  railway  problem  is  almost  entirely  one  of  rush 
hours,  and  the  additional  equipment  operated  at  the  rush  hours 
must  necessarily  increase  the  maximum  demand  for  that  period. 
So  that  as  we  demand  from  our  street  railway  companies  im- 
proved service,  we  must  suffer  a  decrease  in  load  factor  and  a 
higher  primary  charge. 

I  take  it  that  from  the  prime  mover  end,  there  is  little  hope 
for  the  development  of  a  special  type  of  apparatus,  other  than 
the  turbo-generator  outfits  that  we  already  have,  which  would 
automatically  absorb  these  high  peaks,  with  the  single  excep- 
tion of  the  combined  hydraulic  and  steam  power  system  which 
Mr.  Lincoln  mentioned. 

So  the  specific  question  I  raise,  from  the  central  station 
standpoint,  is,  whether  this  shorter  period  mentioned  in  this 
paper  would  not  be  equally  as  applicable  to  central  station 
conditions  as  to  the  industrial  load  that  is  here  described,  i.e., 
whether  a  one-hour  maximum  is  entirely  justifiable .  in  cases 
where  the  real  maximum  for  which  the  central  station  must 
provide  apparatus  is  considerably  less  than  one  hoiu*;  in  other 
words,  whether  we  cannot  take  advantage  of  that  fact  and  reach 
a  more  logical  primary  charge,  so  that  the  occurrence  of  a  very 
short  peak  load  occasionally,  of  considerably  higher  maximum 
than  the  hour  would  average,  (but  well  within  the  niomentary 
capacity  of  the  equipment),  will  not  become  such  a  burden  as 
it  does  in  this  case.  Obviously,  the  shorter  the  duration  of 
peak,  the  greater  the  margin  of  safe  overload  available  from 
a  given  investment,  and  usually,  in  railway  loads,  the  exagger- 
ated peaks  are  of  very  short  duration. 

R.  H.  McLain:  I  would  like  to  say  a  word  about  this  matter 
of  charging  for  peaks,  based  on  one  example  that  I  am  familiar 
with.  There  is  a  large  number  of  coal  docks  and  a  street  car 
load,  all  of  which  make  up  a  very  large  part  of  the  central  sta- 
tion power  load,  and  there  was,  before  many  coal  docks  began 
to  buy  power,  a  great  deal  of  argument  about  how  to  charge 
for  this  power.  In  the  beginning,  the  coal  docks  were  charged 
on  an  instantaneous  peak  basis — that  was  the  primary  charge 
for  them.  As  the  coal  docks  increased  in  number,  the  load  curve 
for  the  central  station  company  became  flatter  and  flatter.  I 
do  not  know  how  they  charge  for  the  power  now,  but  I  know 
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enough  about  the  system  to  know  that  it  would  be  practicable 
for  them  to  charge  for  five-minute  peaks,  or  some  other  peak 
like  that,  and  not  take  any  account  whatsoever  of  these  one- 
second  and  one-minute  peaks.  I  think  that  the  central  station 
companies  should  take  a  very  broad-minded  view  of  this  situa- 
tion, and  when  they  serve  a  lot  of  power  consumers  should  try 
to  keep  from  putting  the  customer  to  a  great  deal  of  expense 
in  cutting  down  his  peak,  when  another  customer  across  the 
road,  or  two  or  three  more,  might  combine  with  this  first  cus- 
tomer in  such  a  way  as  to  make  the  entire  load  almost  uniform. 
I  firmly  believe  that  the  more  the  central  station  companies 
take  this  view  into  account  in  making  their  charges,  the  more 
popular  will  be  the  use  of  central  station  power;  but,  of  course, 
for  any  one  location  the  partictdar  nature  of  the  load  should 
be  taken  into  account. 

E.  D.  Dreyfus:  The  ingenious  method  employed  by  Mr. 
Tynes  to  maintain  a  practically  uniform  load  upon  the  power 
company's  system  has  impressed  me  very  much.  No  doubt 
Mr.  Tynes  has  been  able  to  effect  a  certain  degree  of  economy 
in  the  operation  of  his  plant  which  is  probably  due  to  fortuitous 
conditions  such  as  the  availability  of  an  exhaust  steam  supply 
and  the  presence  of  operatives  who  can  well  afford  to  take  care 
of  the  extra  eqtiipment  necessary  in  addition  to  looking  after 
their  other  duties.  The  situation  is  manifestly  exceptional:  and 
therefore  we  should  be  careful  that  the  idea  does  not  become 
prevalent  that  the  scheme  described  is  possible  of  broad  applica- 
tion. 

According  to  my  conception  of  the  problem  and  from  many 
investigations  made  in  this  direction,  the  trend  of  results  tends 
to  show  that  it  is  the  low  load  factor  business  upon  which  the 
central  station  can  most  readily  compete  with  the  isolated  plant. 
This  is  largely  true  for  the  reason  that  the  so-called  **  stand-by" 
cost  of  the  isolated  plant  (including  capital  charges,  labor, 
banking  and  discrepancies)  plays  an  important  part  in  the  total 
cost  under  low  load  factor  conditions. 

When  operating  at  high  load  factors,  these  *'  stand-by" 
charges  are  spread  over  a  large  number  of  kilowatt-hours  and 
therefore  the  unit  cost  is  very  rapidly  reduced.  I  believe  this 
can  best  be  shown  diagrammatically,  and  the  accompanying: 
illustration  (Fig.  1),  in  which  values  are  taken  from  a  case 
selected  at  randon,  will  aid  in  establishing  the  truth  of  the 
proposition. 

Obviously  the  comparative  showing  wnll  in  each  case  depend 
upon  the  assumptions  made.  There  is  a  wide  range  in  the  oper- 
ating results  of  different  isolated  power  plants,  naturally  de- 
pending upon  their  equipment  and  the  ability  and  faithfiilness 
of  the  operating  force.  Two  limits  (one  shown  by  heavy  solid 
lines  and  the  other  by  heavy  dotted  lines)  for  the  isolated  power 
plant  operation  are  given  so  that  this  phase  may  be  duly  regarded. 
On  the  other  hand,  the  cost  of  central  station  power  for  fixed 
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conditions  is  fairly  uniform  in  the  different  geographical  diviaoni 
of  the  country,  and  consequently  a  single  line  of  costs  has  been 
included  for  central  station  power  (shown  by  the  heavy  dot 
and  dash  line). 

Hence,  due  to  what  may  be  termed  the  inherent  slope  of  the 
total  cost  lines  or  curves,  the  relative  rise  with  load  is  actually 
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in  favor  of  the  isolated  power  plant,  and,  as  here  indicated,  the 
larger  independent  plant  may  show  lower  costs  at  points  be- 
yond 50  to  75  per  cent  load  factor,  provided  all  other  handicaps 
have  been  overcome.  White  this  argument  is  of  a  general 
nature  it  is  sufficiently  specific,  I  believe,  to  prove  that  unless 
the  peak  can  be  reduced  by  flywheel  effect  or  by  virtue  of 
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Tbe  roughing  stands  are  twelve  in  number,  all  two-high,  and 
are  driven  through  spur  and  bevel  gears  by  a  44  by  60-m.  (112 
by  loS'Cn).)  simple  non-condensing  Corliss  en^ne,  ronning  at 
about  65  rev.  per  min.  average  speed.  The  number  of  roughii^ 
stands  used  depends  upon  the  dze  rA  the  finished  bars.  In 
rolling  some  of  the  larger  sizes,  but  six  or  eight  of  the  twelve 
stands  are  used. 

From  the  roughing  stands,  the  bars  arc  delivered  through 
pipe  conveyers  to  the  finishing  rolls.  These  are  four  stands  of 
two-high  11-in.  (28-cm.)  diameter  rolls,  and  were  formerly  belt- 
dri\-en  by  a  28  by  3&in.  1,71  by  91-«n.)  simple  non-conden^ng 
engine,  running  at  speeds  varying  from  about  85  to  145  rev.  per 


min.,  the  engine  and  mill  speed  being  adjusted  to  suit  the  size 
of  material  roUed.  Changes  in  roll  spe^  were  obtained  by  vary- 
ing the  engine  speed,  the  engine  governor  being  driven  through 
friction  disks,  thereby  allowing  the  engine  speed  to  be  readily 
changed. 

The  engine  belt  wheel  was  218  in.  i,5o4  cm.)  in  diameter. 
the  mill  pulley  65  in.  1 165  cm.l  in  diameter.  giWng  about  3,35  to 
1  speed  ratio,  thus  gi\"ing  a  speed  range  on  the  rolls  from  about 
2S5  to  4S0  rtv.  per  min.  AH  four  stands  of  rolls  are  used  on 
this  mill  lor  practically  all  sizes;  on  cenain  sections,  however, 
but  two  stands  are  used. 

Steam   for   operating  the   engines   was   obtair>ed    Erom   tbe 
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boiler  plant  shown  in  Fig.  1,  consisting  of  two  boilers  equipped 
with  chain  grate  stokers,  and  three  hand-fired  boilers.  The 
other  mill  eqmpment  consists  of  a  rope-operated  cooling  bed, 
shears,  scales  and  rod  coiler. 

The  extreme  speed  range  of  285  to  480  rev.  per  min.  on  the 
finishing  stands  of  this  mill  is  directly  due  to  the  inability  to  roll 
1^-in.  (38-mm.)  rods  at  a  higher  speed  than  300  rev.  per  min., 
or  to  secure  sufficient  tonnage  of  the  small  sizes  without  a  higher 
speed,  the  large  number  of  sizes  rolled  making  impossible  the 
ideal  mill  arrangement  of  a  single-speed  mill,  rolling  a  practically 
constant -size  product. 

This  mill  was  built  a  number  of  years  ago,  and  has  undergone  a 
gradual  increase  in  speed  and  output,  until  the  capacity  of  the  mill 
was  fixed  by  the  inability  of  the  28  by  36-in.  (71  by  91-cm.)  engine 
to  stand  fvirther  increase  in  speed  or  output.  The  maintenance 
of  this  engine  and  the  mill  belts  was  high  and  the  over-all  economy 
low.  For  these  reasons  it  was  decided  to  replace  this  engine 
by  a  larger  and  mofe  powerful  engine  or  some  other  type  of 
drive.  It  was  readily  seen  that  an  engine  and  belt-driven  mill 
at  a  higher  speed  would  not  be  desirable  (the  belt  speed  of  the 
28  by  36  in.  engine  being  about  8000  ft.  (2440  m.)  per  min. 
when  rolling  the  small  sections  and  it  being  impracticable  to  re- 
duce the  size  of  the  mill  pulley).  An  engine  with  a  gear  or  rope 
drive  had  a  higher  first  cost  than  a  motor-driven  mill,  also  a 
larger  figured  operating  cost  due  principally  to  about  25  per  cent 
higher  coal  cost  at  the  mill  than  at  the  steel  company's  central 
power  plant. 

This  mill  presented  some  very  interesting  featiu'es:  first,  the 
different  speeds  reqtiired;  second,  the  fact  that  the  steel  company 
had  an  a-c.  turbine  power  plant  with  ample  reserve  capacity 
for  driving  the  mill;  and  third,  that  the  exhaust  steam  from  the 
44  by  60-in.  (112  by  152-cm.)  engine  seemed  to  offer  an  ideal 
exhaust  steam  turbine  location. 

Tests  were  made  on  both  mill  engines  in  order  to  determine  the 
power  requirements  of  the  finishing  rolls  and  the  exhaust  steam 
available  from  the  44  by  60-in.  engine,  also  the  time  relation 
between  the  power  requirements  of  the  finishing  rolls  and  the 
steam  supply  from  the  44  by  60-in.  engine. 

These  tests  were  made  by  taking  simultaneous  continuous 
indicator  cards  on  both  engines,  the  mill  speeds  and  the  work  in 
both  mills  being  observed  at  the  same  time.  Several  tests  on 
different  sizes  were  made.  The  results  of  some  of  these  tests 
are  shown  in  Curves  1  to  19. 


OSCBMANN:  MILL  MOTORS 


[Juiu23 


Curve  1  is  for  J  in.  (9.5  mm.)  diameter  round  rods,  and  shows 
the  horse  power  of  each  mill,  also  the  exhaust  steam  available 
from  the  44  by  60-in.  engine,  and  the  steam  required  by  an  ei- 
haust  steam  turbine  to  drive  the  finishing  rolls.     These  tests 
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Curve  1 — |-in.  Rounds. 

showed  that  sufficient  steam  was  available,  but  that  a  small 
rcKenerator  would  probably  be  necessary.  Tests  on  this  sii* 
gave  about  .'iOO  h.p.  as  the  average  power  required  and  also 
showed  a  maximum  mill  speed  of  472  rev.  per  min.,  and  ar 
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Curve  2— i-in.  Rounds. 

average  speed  of  462  rev.  per  min.  Curve  2  is  for  a  test  of  ihf 
28  by  36-in.  engine  on  this  size.  These  tests  show  a  p*ai 
torque  of  about  8000  lb.  (3630  kg.).  The  maximum  steam  de- 
mands are  greater  than  the  minimum  steam  available;  the  period; 
of  insufhdenl  steam  suiji'^ly  are  extremely  short.     Curve  3  giif 
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the  calcidated  duty  cycle  at  the  maximum  mill  output,  the 
effective  torque  being  6000  lb.  (2720  kg.),  the  h.p.  545,  and  the 
peak  h.p,  about  635. 
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Curve  3— |-in.  Rounds 


Curve  4  is  for  29/64-in.  (11.5-mm.)  round  steel  rods,  and  shows 
an  abundance  of  exhaust  steam.  The  maximum  mill  speed  on 
this  size  was  456  rev.  per  min.  and  the  average  about  442  rev. 
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per  min.;  the  r.m.s.  horse  power  was  425.  The  peak  torque  was 
about  6000  lb.  (2720  kg.),  and  the  peak  h.p.  about  500.  Curve 
5  is  for  a  test  of  the  28  by  36-in.  engine  on  this  size.     Curve  6 
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gives  the  calculated  duty  cycle  at  the  maximum  mill  output, 
the  r.m.s.  torque  being  5400  lb.  (2450  kg.),  the  h.p.  488,  and  the 
I  horse  power  about  573. 


SEConirs 
Curve  5— 29/64-in.  Rounds 

Curve  7  is  for  47/64-in.  (18.6-mm.)  round  rods,  and  shows  the 
steam  supply  to  be  less  than  the  steam  required;  this  is  due  to 
but  eight  stands  of  roughing  rolls  on  the  continuous  mill  being 
used.     This  curve  shows  that  in  order  to  secure  the  best  results 
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a  mixed -pressure  turbine  and  a  small  regenerator  would  nodoub: 
be  necessary.  On  this  test  the  maximum  mill  speed  was  44! 
rev.  per  min.,  the  average  432  rev.  jier  min.,  and  the  r.m5. 
horse   power  639.     Curve  8  is  for  a  test  of  the  28  by  36-iii- 
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engine  on  this  size.  This  test  shows  a  maximum  torque  of  9300 
lb.  (4220  kg.),  and  a  maximum  h.p.  of  740.  Curve  9  gives  the 
calculated  duty  cyde  at  the  maximum  mill  output,  the  r.m.s. 
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torque  being  8300  lb.  (3760  kg.},  the  horse  power  662,  and  the 
maximum  horse  power  780. 

Curve  10  is  for  i-in.  (22.2-mm.)  round  rods  and  shows  that 
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the  steam  available  is  about  equal  to  that  required,  but  that  a 
regenerator  should  be  used.  The  maximum  observed  null 
speed  on  this  size  was  382  rev.  per  min.,  and  the  average  about 
360  rev.  per  min.,  with  a  horse  power  of  510.     Curve  11  is  for 
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a  test  of  the  28  by  36'in.  engine  on  this  size.  The  tests  of  this 
size  show  a  maximum  torque  of  nearly  10,000  lb.  (4536  kg.) 
with  about  650  horse  power  demand.  Curve  12  gives  the  cal- 
culated duty  cycle  at  the  maximum  mill  output,   the  r.m.s. 
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torque  beii^  8400  lb.  (3810  kg.),  the  horse  power  575,  and  the 
maximum  horse  power  650. 

Curve  13  is  for  63/64-in.  (25-mm.)  round  rods  and  shows 
that  the  steam  available  exceeds  the  steam  required.     This  is 
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due  to  but  two  stands  of  finishing  rolls  being  used.  The  ma.xi- 
mum  observed  mill  speed  was  312  rev.  per  min.,  the  average 
about  300  rev.  per  min.,  and  the  r.m.s.  horse  power  340.  Cur\e 
14  is  for  test  No.  2,  and  Curve  15  for  test  No.  4  on  this  size. 
In  test  No.  2  both  pas.ses  were  in  the  mill  at  the  same  time, 
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resulting  in  very  high  peaks  with  long  rest  periods  between, 
while  in  test  No.  4  the  two  passes  did  not  coincide.  The  total 
amount  of  work  done,  whether  rolling  is  done  with  high  peaks 
and  long  rest  intervals,  or  low  peaks  and  shorter  rest  periods, 
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is  practically  the  same.  In  the  calculated  duty  cycle  for  the 
maximum  mill  output  (Curve  16),  the  peaks  are  taken  on  the 
basis  of  the  two  passes  not  occurring  at  the  same  time;this  gives 
a  cycle  similar  to  test  No.  4,  the  r.m.s.  torque  being  6800  lb. 
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(3080  kg.),  the  horse  po^er  414,  the  maximum  torque  9800  lb. 
(4445  kg.),  and  the  horse  power  545. 

Curve  17  is  for  Ij-in.  (31.7  mm.)  round  rods  and  shows  the 
sieam  required  to  be  in  excess  of  the  steam  available.     The 
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U  spixd  was  314  rei--  per  mm.,  the  aver- 
age beh^  285  re\'.  per  min  .  and  the  bone  power  about  400. 
Ctm'e  18  is  for  a  test  of  the  28  by  36-m.  engine  cm  tins  size,  and 
shows  fai^  peaks  when  passes  one  and  three  coincide.     Curve 
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19  is  the  calculated  torque  to  give  maximum  mill  output  and 
gives  an  effective  torque  of  7500  lb.  (3400  kg,),  with  a  horse 
power  of  604,  and  a  maximum  horse  power  of  640. 
A  summar>-  of  the  foregoing  tests  gives: 
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.000     I    28o  -  300 


The  test  results  show  thai  a  large  amount  of  exhaust  steam 
would  ix  lost  if  the  low-pressure  turbine  were  used  for  driv- 
ing the  finishing  rolls  direct.  Also  it  was  found  that  the 
low-pressure  turbine  would  Vx?  wasteful  of  steam  if  the  turbine 
speed  varied  with  the  mill  speed.     Gearing  the  tiu-bine  to  the 
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mill  was  not  looked  upon  favorably,  as  the  experience  with 
several  turbine  gears  on  pump  work  had  not  been  entirely 
satisfactory.     Further  objections  to  the  turbine  were  the  cost 
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of  condensing  water  and  the  investment  necessary  for  pumping 
equipment  and  pipe  lines. 

A  careful  consideration  of  the  variotis  drives  resulted  in  the 
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decision  to  install  a  motor  drive,  either  a-c.  or  d-c,  and  obtain 
power  from  the  steel  company's  central  power  plant.  It  was 
found  that  this  would  give  an  economical  drive  and  be  lower 
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in  first  cost  than  either  a  rope  or  geared  engine.  Also,  the  use 
of  a  motor  would  not  interfere  nnth  the  future  installation  of  an 
exhaust  steam  turbine,  which  could  operate  in  parallel  with  the 
company's  power  plant. 

At  this  time,  it  may  be  of  interest  to  state  the  reasons  which 
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influenced  the  purchase  of  a  concatenated  motor  instead  of, 
first,  a  direct -current  motor,  or  second,  an  induction  motor 
operating  with  a  speed-regulating  set. 

(1)     The   direct -current   motor   was  entirely   practical,   but 
presented  no  advantages  over  the  concatenated  motor,  except 
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that  smaller  speed  steps  were  ]>(>ssiblc.  This  was  negligible 
because  the  concatenated  set  gave  as  many  speeds  as  were 
necessary.  The  disadvantages  of  the  direct -current  motor 
were,  that  it  was  more  expensive  and,  as  it  required  a  motor- 
generator  stt,  less  efficient. 


Ifll4]  OSCHMANN:  HILL  UOrORS  911 

(2)  The  speed-regulating  set  would  have  about  the  same  or  a 
slightly  better  efficiency  than  the  concatenated  motor,  would 
be  about  the  same  in  first  cost  and  would  have  a  higher  power 
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factor  at  low  speeds.  Its  disadvantage  lay  in  the  fact  that  a 
commutator  motor  or  synchronous  converter  would  be  required. 
Littlf  was  known  about  the  performance  of  a  commutator  motor 
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operating  on  the  high  frequency  which  would  be  obtained  at 
this  mill,  commutator  motors  on  mill  work  operating  at  fre- 
quencies around  20  cycles  per  second  not  being  in  satisfactory 
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service  either  here  or  abroad,  and  it  is  questionable  if  at  the 
present  time  a  guarantee  for  a  satisfactory  commutator  motor 
could  be  obtained  for  the  work  of  this  mill. 

Using  a  synchronous  converter  and  a  motor,  or  a  motor- 
generator  set,  would  not  give  as  high  efficiency  as  a  concatenated 
set. 

Both  of  these  systems  involved  the  use  of  commutators  and 
would  require  more  attention  than  the  concatenated  set.  They 
also  had  the  disadvantage  of  requiring  a  high  mill  speed  before 
the  reduced  speeds  could  be  obtained,  whereas  the  motor  in- 
stalled has  no  regular  attendant,  and  with  the  control  as  now 
adjusted,  the  motor  starts,  accelerates  and  drops  into  concatena- 
tion without  exceeding  the  synchronous  speed  of  the  combined 
motors. 

An  attempt  was  made  to  limit  the  mill  to  two  or  three  speeds. 
A  16-pole  main  and  a  4-  and  8-pole  secondary  motor  would 
give  poles  and  speeds  as  follows: 


Main  motor 

Secondary  motor 

Both    motors 

Synchronous  speed 

16  poles 
16      • 
16      • 

none 
4  poles 
8      • 

16  poles 
20      • 
24       • 

460  rev.  per  min. 

360 

300 

This  eliminated  the  400-rev.  per  min.  speed,  which  is  one  of  the 
most  important  on  the  mill,  about  40  per  cent  of  the  mill  out- 
put being  on  this  speed. 

Changing  to  a  14-pole  main  motor  would  give  514,  400  and 
327  rev.  per  min.  This  would  give  a  dangerously  high  speed 
for  the  IJ  and  If -in.  (31.7  and  38-mm.)  rods,  and  wotdd  also 
eliminate  the»  450-rev.  per  min.  speed,  which  is  important  on 
some  sizes. 

Leaving  the  secondary  motor  unchanged,  and  placing  a  double 
winding  on  the  main  motor,  gave  all  the  speeds  required.  This 
resulted  in  a  4-  and  8-pole  secondary  motor  and  a  14-  and  16- 
pole  primary  motor.  This  combination  gives  the  following 
speeds : 


Main  motor, 

Secondary  motor 

Both  motors 

Synchronous    speed 

14    poles 
16       • 
14       • 
16       ■ 
14       • 
16       • 

none 

4    poles 
4       ■ 
8      • 
8      • 

14    poles 
16       • 
18       ■ 
20       * 
22       - 
24       • 

614  rev.  per  min. 

460 

400 

360 

327              • 

300 

Fig.  2 — 2200-Volt  600-h.p.  Concatenated  Induction 
Arranged  to  Operate  at  Six  Synchronous  Speeds,  bui 
Irok  and  Steel  Compakv. 


Motor     Set 
T  FOR  Oliver 
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—Switchboard  for  Primary  and  Secondary  Control  Cut 
OF  Six-Speed  Concatenated  Induction  Motor. 
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All  these  speeds  are  obtained  by  direct  concatenation;  the- 
oretically, speeds  corresponding  to  6,  8,  10  and  12  poles  can  also 
be  obtained  by  differential  concatenation. 

It  was  decided  to  install  this  motor,  the  motor  to  consist  of  a 
double-wound  main  motor  and  single-wound  secondary  motor, 
the  first  or  primary  motor  to  be  14  and  16  poles  and  have  a 
wound  rotor,  the  second  or  secondary  motor  to  have  its  winding 
arranged  for  4- and  8-pole  connection,  its  rotor  to  be  of  the 
squirrel  cage  type.  Both  stators  were  mounted  on  a  common 
bed-plate  and  the  rotors  on  a  common  shaft,  resulting  in  the 
motor  shown  in  Fig.  2. 

The  larger  motor  receives  three-phase  energy  at  2200  volts, 
60  cycles,  on  either  a  14-  or  16-pole  stator  winding.  Both  14- 
and  16-pole  windings  lie  in  the  same  stator  slots  and  have  the 
same  coil  pitch  and  coil  size.  The  coil  connections  of  the  14- 
pole  windings  are  brought  out  on  one  side  of  the  frame,  the  coil 
connections  for  the  16-pole  winding  being  on  the  opposite  side, 
thus  making  the  connections  of  either  winding  readily  accessible. 
The  windings  on  the  rotor  of  this  motor  are  similarly  arranged. 
The  six  leads  from  the  rotor  windings  are  connected  to  six  split 
bronze  collector  rings  mounted  on  the  shaft  between  the  two 
motors.     These  rings  can  be  easily  renewed. 

The  small  motor  has  a  single  stator  winding  which  can  be 
connected  in  either  four-  or  eight-pole  combination;  the  pole 
changing  is  accomplished  by  means  of  oil  switches  located  on 
the  motor  control  board.  The  rotor  of  this  motor  is  of  the 
squirrel-cage  type  and  has  electrically  welded  bars  and  end 
rings.  The  rotor  bars  are  of  sufficient  cross-section  to  resist 
the  action  of  centrifugal  force  and  will  not  bend  out  and  damage 
the  stator  winding,  should  they  become  detached  from  the  end 
rings. 

The  floor  space  taken  by  the  complete  unit  is  14  ft.  8  in.  by 
10  ft.  7  in.  (4.47  by  3.22  m.),  and  the  greatest  height  above  the 
floor  is  6  ft.  10  in.  (2.08  m.).  The  rotors  are  5  ft.  9  in.  (1 .75  m.) 
and  2  ft.  10  in.  (86  cm.)  in  diameter  respectively,  mounted  on 
a  shaft  14  in.  (35.6  cm.)  in  diameter.  The  general  construction 
of  the  motor  is  heavy.  The  rotor  spiders  are  of  cast  steel  and 
the  motor  is  built  to  stand  reversing  at  full  speed.  The  two 
bearings,  each  8  by  20  in.  (203  by  508  mm.),  are  self -aligning 
and  of  the  ring-oiled  type.  The  motor  and  mill  are  connected 
by  a  flexible  coupling,  the  bearing  next  the  mill  and  the  coupling 
hub  forming  a  thrust  bearing.     The  brush  holders  for  the  col- 
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lector  ring  brushes  can  be  removed  and  either  stator  slipped 
aside  to  give  access  to  any  part  of  the  stator  or  rotor 
windir^s. 

The  motor  was  installed  about  where  the  mill  pulley  formerly 
was,  the  present  mill  plan  being  shown  in  Fig.  3. 

For  the  operation  of  the  motor  no  regular  attendant  is  needed, 
as  the  changing  of  speeds  is  simple  and  requires  no  electrical 
knowledge  or  experience.  The  engineer  on  the  44  by  60<iii. 
(112  by  152-cm.)  engine  attends  to  all  speed  changes  and  also 


44^60  Engine  Boilers 


D 

Rod  Coi/er 


starts  and  slops  the  motor.  The  controller  for  the  motor  is 
mounted  adjacent  to  the  throttle  of  the  engine.  In  practise 
it  has  been  found  that,  having  the  motor  controller  near  the 
engine  throttle,  the  engineer  can  handle  both  mills  easily,  the 
extra  work  and  attention  required  being  almost  negligible. 

The  ease  and  simplicity  in  handling  the  mill  is  one  of  the  best 
points  in  favor  of  the  concatenated  motor,  as  has  been  shoftii 
repeatedly  in  stopping  the  mill  and  backing  out  "stickers", 
or  pieces  caught  in  guides  and  refusing  to  go  through  rolls- 
The  motor  can  be  stopped,  reversed  and  the  sticking  rod  backed 
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out,  the  motor  again  stopped,  restarted  and  immediately  ac- 
celerated to  full  operating  speed.  This  is  generally  done  in 
time  to  roll  the  billets  coming  through  the  continuous  mill  and 
prevent  their  being  scrapped.  On  several  occasions  this  has 
taken  place,  the  quick  stop  and  start  saving  about  a  third  of  a 
ton  of  steel  from  becoming  scrap.  The  total  time  of  stopping, 
backing  out,  stopping  and  accelerating  to  operating  speed,  was 
less  than  a  minute.  The  stopping  and  reversing  was  easily 
done,  and  no  apparent  strain  or  distress  on  motor  or  control 
was  noticeable. 

The  control  board  for  this  motor  is  shown  in  Fig.  4.  The 
wiring  diagram  is  shown  in  Fig.  5.  The  choke  coils,  lightning 
arresters  and  disconnecting  switches  are  mounted  on  the  wall 
of  the  motor  house  and  are  connected  to  the  control  board  through 
series  transformers  for  wattmeter  and  overload  relays  to  switch 
A,  These  transformers  are  connected  in  Z  and  give  overload 
protection  on  all  three  phases. 

Oil  switch  -4  is  a  triple-pole  circuit  breaker,  having  inverse- 
time-Kmit  overload  trip  and  low- voltage  release,  and  is  also 
provided  with  a  magnetically  operated  lockout  which  prevents 
switch  M  from  being  closed  unless  both  main  line  contactors 
F  and  R  are  open.  This  is  provided  to  prevent  the  mill  from 
starting  should  the  engineer  attempt  to  close  switch  A  and  not 
notice  that  the  main  line  contactors  had  remained  closed. 

From  switch  Ay  current  passes  to  the  forward  and  reverse 
main  line  contactors  F  and  Ry  one  phase  passing  through  a 
series  transformer  which  operates  the  current-limit  relays  CR 
which  control  the  resistance  contactors. 

F  and  R  are  three-pole,  2200-volt,  magnetically  operated  air- 
break  contactors.  A  mechanical  and  electrical  interlock  is 
provided  between  these  contactors.  The  electrical  interlock 
is  not  the  conventional  interlock  disks  working  on  the  connections 
of  the  magnet  coils,  but  consists  of  a  small  shunt  transformer 
TL  with  its  primary  connected  across  one  phase  of  the  con- 
tactors as  shown  (Fig.  5).  The  secondary  of  the  transformer 
operates  the  small  contactor  L.  Contactors  F  and  22  have  their 
operating  circuit  closed  through  contactor  L  or  the  interlock  on 
L.  As  long  as  there  is  potential  on  the  motor,  contactor  L  will 
remain  closed  and  thereby  prevent  either  F  or  R  from  closing. 
As  soon  as  L  opens,  either  F  or  R  can  close,  depending  on  the 
position  of  the  master  controller.  This  method  of  interlocking 
was  deemed  necessary,  as  the  operation  of  the  contactors  is  so 
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rapid  that  in  reversing  the  motor,  one  contactor  might  close 
before  the  arc  on  the  other  was  ruptured,  and  thereby  produce 
a  short  circuit  through  the  arc  on  the  open  contactor.  The 
present  arrangement  has  proved  entirely  satisfactory. 


The  operation  of  the  main  line  conlaclors  shows  that  double- 
l)ole  contactors  would  be  as  satisfactory  as  the  triple-pole  con- 
laclors  installed.     As  the   arcs,   particularly   the   heavy  are. 
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are  always  single-phase,  switch  B  might  also  be  double-pole 
instead  of  triple-pole . 

From  contactor  F  and  R,  ctirrent  passes  to  oil  switch  5,  where 
connection  is  made  to  either  the  14-  or  16-pole  stator  winding  of 
the  primary  motor.  Oil  switch  B  is  mechanically  connected  to 
oil  switch  C,  so  that  B  andC  are  operated  by  one  handle.  Switch  C 
controls  the  rotor  winding  of  the  primary  motor.  Closing  switch 
B  on  the  14-pole  side  will  also  close  switch  C  on  its  14-pole  side. 
From  switch  C  the  ctirrent  passes  to  a  grid  resistance  mounted 
above  the  control  board.  This  resistance  is  ample  to  reduce 
the  mill  speed  to  about  50  rev.  per  min.  and  hold  it  at  this  point 
for  15  to  20  minutes,  the  friction  of  the  mill  being  the  only  load. 
This  low  speed  is  used  to  adjust  the  rolls  and  roll  trial  bars. 
The  end  of  the  resistance  is  either  short-circuited  by  contactor  E 
or  the  ciurent  passes  into  switch  D,  where  it  is  directed  into  the 
stator  of  the  secondary  motor.  Switch  D  is  mechanically  con- 
nected to  switch  M.  These  switches  give  either  the  4-  or  8-pole 
connection  on  the  stator  of  the  second  motor.  Closing  switch  D  on 
the  1, 2  and  3  side  gives  a  single-circuit  eight-pole  delta  connection 
to  the  stator  of  the  secondary  motor;  closing  D  on  the  4,  5  and  6 
side  also  closes  switch  M  and  gives  a  double-circuit  four-pole 
star  connection  to  the  stator  of  the  secondary  motor.  Switch  D 
is  provided  with  interlock  switches  /  and  connected  to  contactor 
E  and  arranged  to  close  contactor  E  when  switch  D  is  open. 
To  avoid  having  the  mill  try  to  accelerate  from  a  concatenated 
to  a  direct  speed  should  switch  D  open  and  thereby  close  con- 
tactor Ey  switch  D  is  provided  with  a  lock  iV,  so  that  it  cannot 
be  opened  or  closed  unless  the  master  controller  is  placed  on 
the  off  point  and  switch  A  is  open.  Switches  V  and  C  are  pro- 
vided with  similar  locks.  The  pilot  lights  PL  indicate  the  posi- 
tion of  the  master  controller;  their  circuit  is  closed  when  the 
controller  is  on  the  starting  or  running  points.  Current  for  the 
pilot  lamps  and  small  solenoids  N  which  operate  the  locks  on 
switches  Aj  By  C  and  D  is  obtained  from  the  potential  transfor- 
mers   TPy  and  is  independent  of  the   position  of   switch  A. 

Contactors  1  to  7  are  triple-pole  low-voltage  contactors  and 
are  arranged  to  short-circuit  pgrtions  of  the  resistance;  they  are 
connected  so  that  a  contactor  sticking  or  remaining  closed  will 
not  produce  dangerous  ciurents  in  starting  or  reversing.  These 
contactors  are  controlled  by  current  from  transformer  TC,  which 
is  connected  to  the  control  side  of  switch  A ;  current  from  the 
transformer  passes  through  contactor  O  to  current  limit  relays, 
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CRj  which  are  set  to  close  the  contactors  in  regular  sequence  when 
the  starting  currenfdrops  to  about  full-load  value.  When  op)era- 
ting  on  the  14-  or  16-pole  speeds,  contactors  6  and  7  will  remain 
open  and  give  a  10  per  cent  slip  at  full  load;  by  closing  switch 
/?6,  contactor  6  will  close  and  give  a  5  per  cent  slip  at  full  speed. 
Contactor  7  is  always  open  on  the  14-  or  16-pole  speed. 

When  operating  on  the  concatenated  speeds,  contactor  E  is 
open  and  interlocks  on  E  are  closed,  which  allows  contactors 
6  and  7  to  close,  current  limit  the  same  as  the  remaining  con- 
tactors, thereby  leaving  the  motor  without  external  resistance  in 
the  rotor  circuit  other  than  the  resistance  of  the  wires.  Con- 
tactor 0  controls  the  current  for  all  contactors  except  itself 
and  contactor  L.  Contactor  0  is  used  to  prevent  the  motor 
from  starting  upon  the  resumption  of  power  in  case  of  the 
failure  of  switch  A  to  open  should  the  power  supply  be  in- 
terrupted. Contactor  0  opens  on  failure  of  power  and  can 
only  be  closed  by  placing  the  master  controller  in  the  off  position. 

The  master  controller  is  located  about  80  ft.  (24  m.)  distant 
from  the  control  board,  and  to  guard  against  the  master  controller 
becoming  inoperative,  switch  CSy  located  near  the  master  con- 
troller, is  provided.  The  action  of  switch  CS  is  to  open  all 
the  contactors  and  oil  switch  A  and  stop  the  motor  should  the 
master  controller  be  out  of  order. 

A  test  switch  ^4  2"  is  provided  on  the  control  board  which  opens 
oil  switch  A,  Resistance  AR  \s  connected  across  switch  AT 
so  that  when  switch  AT  is  open,  a  slight  current  passes  through 
the  low-voltage  release  coil  of  switch  A.  This  current  is  just 
sufficient  to  neutralize  whatever  residual  magnetism  may  remain 
in  the  armature  of  the  low- voltage  release,  and  causes  it  to  drop 
at  once  and  open  switch  A . 

It  will  be  noted  that  the  starting  resistance  is  connected  be- 
tween the  rotor  of  the  main  and  the  stator  of  the  secondary  motor. 
The  circuit  between  the  motors  is  established  before  the  motors 
are  started  and  the  entire  starting  current  passes  through  the 
secondary  motor.  This  simplifies  the  control  of  the  mill  and 
makes  the  starting  simple,  as  this  method  allows  the  mill  to 
come  directly  to  whatever  speed  the  control  is  set  for. 

In  stopping  the  mill,  the  master  controller  is  usually  placed 
in  the  off  position,  and  the  motor  allowed  to  stop  gradually. 
In  emergency  the  motor  can  be  reversed  at  full  speed ;  in  reversing 
on  the  concatenated  speeds  the  secondary  motor  acts  as  a  part 
of  the  circuit.     The  simplicity  of  this  method  is  obvious. 

The  operation  ol  \,\v\s.  c;^tlVto\  \s»  ^.^  icAtow^v 
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Disconnecting  switches  are  closed  and  power  is  on  the  lines. 
Master  controller  is  on  off  point  and  oil  switch  A  is  open. 

For  Direct  Speeds 

Close  switch  B  for  either  14  or  16  poles.  Close  switch  A. 
Closing  switch  A  closes  contactor  E  through  interlock  L  on  switch 
D,  Contactor  0  also  closes,  its  circuit  being  closed  through 
segment  C  on  master  controller.  After  closing,  0  will  remain 
closed  regardless  of  position  of  the  master  controller,  its  holding 
circuit  being  established  by  the  interlocks  on  0. 

Starting.  Placing  the  master  controller  on  the  first  point  closes 
either  ForR;  this  puts  potential  on  the  main  motor  and  closes  con- 
tactor L,  Placing  the  controller  on  the  second  point,  contactor 
No.  1  can  close.  Placing  the  controller  on  the  third  pQint,contac- 
tor  No,  2  can  close.  Placing  the  controller  on  the  fourth  point, 
contactor  Nos .  3 , 4 , 5  can  close .  Contactor  6  can  close  if  switch  R6 
is  closed;  contactor  7  cannot  close  as  its  closing  circuit  is  open  at 
contactor  E.  Under  operating  conditions  the  master  controller 
is  placed  directly  on  the  fourth  or  running  point,  and  the  con- 
tactors close  in  regular  sequence  at  about  full-load  current,  their 
control  being  the  usual  current  limit  type  for  a-c.  contactors. 

Reversing,  When  master  controller  is  thrown  from  forward 
to  reverse,  contactor  R  will  close  as  soon  as  arc  on  Fis  interrupt- 
ed, and  thereby  open  contactor  L, 

Concatenated  Speeds 

Oil  switch  B  is  placed  on  either  the  14-  or  16-pole  connection. 
Switch  D  is  closed  for  either  4-  or  8-pole  connection.  Oil  switch  A 
is  closed,  when  contactor  0  closes  as  before.  Contactor  E 
does  not  close,  however,  as  its  closing  circuit  is  open  at  interlock 
/  on  switch  D. 

Startingy  Running  and  Reversing,  Exactly  the  same  as  for 
direct  speeds,  except  that  contactors  6  and  7  will  close  current 
limit  the  same  as  the  rest  of  resistance  contactors. 

Summary 

The  control  as  used  on  this  motor  is  more  simple  than  a  speed- 
regulating  control  in  its  operation,  and  is  comparable  with  the 
magnetic  control  of  a  single-speed  motor.  The  starting,  stopping 
and  reversing  are  as  easily  accomplished  as  if  the  motor  were 
a  single-speed  motor.  The  only  difference  in  handling  is  to  op- 
erate switches  B  and  D  to  secure  the  proper  pole  connection, 
and  as  this  is  generally  done  while  changing  rolls,  it  causes  no 
delay  or  inconvenience.     The  only  serious  ob]ect\otv  lo  \3cv^  ^^'^- 
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catenated  set  is  the  low  power  factor  on  the  concatenated  sp)eeds. 
The  low  power  factor  in  this  particular  case  has  not  been  found 
serious.  The  power  plant  has  a  larger  day  than  night  load,  so  that 
the  concatenated  set  working  on  the  day  shift  reduces  the  power 
factor  at  the  power  plant  but  slightly.  The  lowest  speeds,  and 
therefore  the  lowest  power  factor,  are  generally  obtained  on  the 
night  shift.  However,  several  synchronous  motors  (installed 
about  five  years  ago) ,  operate  at  reduced  loads  on  the  night  shifts 
and  it  has  been  found  that  about  100  per  cent  power  factor  can 
be  readily  obtained  at  the  power  plant  during  the  night,  and  87  to 
90  per  cent  during  the  day. 

The  criticism  has  been  made  that  the  control  of  concatenated 
motors  is  complicated:  in  reply  to  this,  I  would  state  that  this 
motor  has  six  definite  speeds  and  two  additional  resistance  speeds. 
Switches  and  contactors  are  provided  to  take  care  of  these  speeds 
and  in  addition  the  control  has  been  further  complicated  in  order  to 
make  the  operation  of  the  motor  and  control  as  fool-proof  as  possi- 
ble, and  thereby  make  unnecessary  a  special  attendant  at  the  mill. 

The  motor  was  installed  in  June,  1913;  up  to  this  time  (April 
1914)  there  have  been  only  three  mill  interruptions,  all  of  which 
were  due  to  the  control  apparatus,  as  follows: 

(1)  An  open  circuit  at  interlock  on  contactor  F  which  allowed 
low-voltage  release  to  drop  and  open  switch  A.  This  interlock 
consists  of  a  ^-in.  (12. 7 -mm.)  copper  rod  pressing  against  a  copper 
block  contact ;  the  copper  rod  is  insulated  and  clamped  to  the 
contactor.  The  clamp  became  loose  and  allowed  the  rod  to 
slip  out  and  open  the  circuit. 

(2)  Defective  low-voltage  release  coil  on  switch  A. 

(3)  Burnt -out  potential  coil  on  one  of  the  current -limit  relavs 
CR. 

The  total  time  lost  due  to  these  three  interruptions  was  68 
minutes,  and  it  will  be  noted  that,  excepting  the  first,  not  one 
of  these  interruptions  was  due  to  the  design  or  type  of  the  control, 
but  rather  to  minor  defects  in  manufacture.  The  motor  has 
easily  performed  the  work  demanded  of  it,  and  the  residts  ob- 
tained have  justified  the  choice  of  this  type  of  motor  drive. 

Shovild  the  same  problem  be  presented  for  solution  at  this  time, 
it  would  probably  be  solved  in  the  same  manner,  notwithstanding 
the  recent  advances  made  in  speed-regulating  systems.  It  should 
also  be  noted  that  the  ease  of  handling  this  motor  and  the  ability 
to  do  without  a  trained  operator  make  this  type  of  motor  ex- 
tremely desirable. 
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Discussion  on  **  Concatenated  Induction  Motors  for  Rol- 
ling Mill  Drive  "  (Oschmann),  Detroit,  Mich.,  June 
23,  1914. 

Rudolph  Tschentscher:  The  three  points  which  stand  out 
very  prominently  to  me  as  a  steel  man  are  these:  First,  the 
exceptional  reliability  of  the  equipment — it  entailed  a  loss  of 
a  little  over  one  hour^s  time  in  practically  a  year's  operation; 
second,  the  low  operating  cost,  there  being  no  additional  attend- 
ance required;  and  third,  probably  greater  than  either  of 
the  other  two,  the  rapidity  of  the  control  movement.  I  think 
the  paper  gives  the  time  for  braking,  and  reversing  the  forward 
motion,  as  being  done  within  one  minute.  That,  to  one  in  the 
steel  business,  means  a  very  considerable  saving  in  tonnage. 

T.  E.  Tsrnes:  One  of  the  experiences  that  probably  all  steel 
mill  men  have  had,  is  that  when  you  ask  the  management  to 
put  in  new  equipment,  they  come  back  to  you  with  the  argu- 
ment "The  first  thing  you  will  want  is  a  spare  unit  to  take  care 
of  that  in  case  there  is  a  breakdown."  I  am  glad  to  note  the 
reliability  of  this  set  Mr.  Oschmann  has  just  described.  Prob- 
ably it  does  not  need  a  spare  imit.  I  see  no  reason  why,  in  the 
modem  mill  motor  and  the  modem  equipment  the  manuf  actiu*ers 
are  giving  us,  we  cannot  say  we  have  as  reliable  apparatus  as 
the  steam  engine. 

A.  E.  Averrett:  I  would  like  to  mention  one  feature  in  con- 
catenated motors.  In  case  of  a  small  reduction  in  speed,  such 
as  14  or  16  poles  concatenated  with  4  poles,  the  efficiency  and 
power  factor  will  remain  quite  high,  but  when  a  speed  reduction 
to  i  or  thereabouts  takes  place  the  power  factor  is  very  much 
reduced  due  to  the  second  motor  drawing  its  current  through 
the  first  motor;  the  output  of  both  motors  being  approximately 
equal.  With  rheostatic  control  the  power  factor  would  remain 
high,  but  the  efficiency  would  go  down  proportionally  to  the 
speed;  with  concatenated  control  the  reverse  takes  place,  that 
is,  high  efficiency,  but  power  factor  reduced  approximately 
proportionally  to  speed.  Therefore,  large  speed  reduction  by 
concatenation  is  at  the  expense  of  power  factor. 


PfutnUd  at  tk§  Zist  Annuat  ConHniioH  0/ 
tks  American  InstUuU  of  BUdrical  Bnginters, 
Detroit,  Mich.  June  24.  1914.  undar  the  aus- 
pices of  the  BUctropkysics  Committee, 
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THE  SPHERE  GAP  AS  A  MEANS  OF  MEASURING  HIGH 

VOLTAGE 


BY   P.   W.   PEEK,  JR. 

Abstract  of  Paper 

A  gap  method  of  measuring  high  voltage  is  desirable  in 
certain  tests  because  a  gap  measures  the  maximu^i  point  of  the 
voltage  wave. 

The  needle  gap  is  unreliable,  and  is  subject  to  large  cor- 
redtions  due  to  humidity,  etc.  The  sphere  gap  is  free  from 
complicated  corrections  and  the  curve  is  subject  to  calculation. 
Wherever  voltage  is  measured  by  a  gap.  correction  must  be 
made  for  air  density — that  is,  altitude  or  barometric  pressure, 
and  temperature.  The  laws  for  this  correction  have  been 
deduced  tor  the  sphere  gap,  from  tests,  over  an  air  density  range 
equivalent  to  that  from  sea  level  to  18,000  ft.  elevation.  An 
equation  is  given  for  calculating  sphere  spark-over  curves  for 
various  spacings,  radii,  air  density,  etc. 

Standard  measured  curves  for  convenient  sizes  of  spheres  at 
sea  level  are  given  for  practical  use,  as  well  as  a  table  for  applying 
these  curves  to  any  altitude.  The  altitude  correction  may  be 
made  very  accurately  to  the  standard  curve,  either  by  applying 
the  calculated  correction  constant  or  by  applying  the  correction 
factor  given  in  the  tables. 

The  complete  standard  curves  should  not  be  calculated  when 
reliable  measured  curves  are  available. 

The  effects  of  high  frequency  and  impulse  voltages  are  dis- 
cussed. In  making  measurements  certain  precautions  are  neces- 
sary for  accuracy,  as  well  as  for  protection  of  apparatus.  These 
precautions  are  discussed  and  test  resiUts  are  given. 


A  GAP  method  of  measuring  high  voltages  is  often  desirable 
in  certain  commercial  and  experimental  tests.  As  a  gap 
measures  the  maximum  point  of  the  voltage  wave  it  is  therefore 
used  in  many  insulation  tests  where  breakdown  also  depends  upon 
the  maximum  voltage  point.  In  most  commercial  tests  an  ac- 
curacy of  one  or  two  per  cent  is  suflScient.  A  greater  accuracy 
can  be  obtained  with  the  sphere  gap  for  special  work  where 
proper  precautions  are  taken. 

The  Needle  Gap 

The  needle  gap  is  unreliable  at  high  voltages  because,  due  to  the 
brush  discharge  and  broken-down  air  that  precedesthespark-over, 
variations  are  caused  by  himiidity,  oscillations,  and  frequency.* 

The  needle  gap  is  also  inconvenient  because  needles  must  be 

1.  Discussion,  F.  W.  Peek,  Jr.,  Trans.  A.  I.  E.  E.,  Vol.  XXXII, 
1913,  p.  812.     G.  E.  Review,  May,  1913. 
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replaced  after  each  discharge;  the  gap  becomes  very  long  at  high 
voltages,  and  the  calibration  varies  somewhat  with  the  sharpness 
of  the  needle. 

The  effect  of  humidity  is  shown  in  Fig,  1 ,  where  it  can  be  seen 
that  a  higher  voltage  is  required  to  spark  over  a  needle  gap  when 
the  humidity  is  high  than  when  it  is  low.  (Cur\'es  of  Fig.  1 
are  intended  only  to  illustrate  this  effect  and  not  for  use  in 
making  accurate  measurements).  It  is  probable  that  the 
corona  streamers  in  humid  air  cause  a  "  fog  ",  and  then  agglom- 
erate the  water  particles, 
which,  in  effect,  increase  the 
size  of  the  electrodes. 

All  spark  curves  of  what- 
ever form  of  gap  must  be  cor- 
rected for  air  density;  that  is, 
altitude     and     temperature. 
For   low   voltages  the  spark- 
over  voltage  of  the  needle  gap  ^ 
decreases    approximately    as  g 
the   air  density.     At   higher  ^ 
voltages  the   effect   becomes  g 
erratic,     probably      due     to  g 
humidity.  iJ 

The  Sphbkk  Gap 

The  voltage  required  to 
spark  over  a  given  gai>  bt'r 
tween  spheres  increases  with 
the  diameter  of  the  sphere. 
Corona  cannot  form  on 
spheres,  or  rather,  the  spark- 
over  point  and  corona  point  Curves  for  Different  Relative 
are  coincident  if  the  spacing       umidities 

is  not  greater  than  the  diameter  of  the  sphere.  Practicallv 
a  spacing  as  great  as  three  times  the  radius  may  be  used 
without  appreciable  corona.  The  voltage  limit  of  a  Ei\-en 
sphere  in  high-voltage  measurements  is  thus  reached  when  a 
gap  setting  greater  than  three  limes  the  radius  is  required.  A 
larger  sphere  should  then  be  used.*  With  this  space  limit,  the 
first  evidence  of  stress  is  complete  spark-over;  corona  can  never 
form,  and  all  of  the  undesirable  effects  and  variables  due  to  brush 

*More   accurate    and    consistent   results   ate   obtained,   however,    for 
spacings  less  than  2  R. 


||S  8 
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discharge  and  broken-down  air  arc  eliminated.     Humidity  has 
no  appreciable  effect. 

The  space  factor  is  lylativety  small.  Several  thousand 
measurements  may  be  made  without  repolishing.  The  curve 
may  be  calculated.  The  only  correction  is  the  air  density  cor- 
rection. This  has  been  investigated  and  the  results  are  given 
below.  The  correction  is  quite  simple.  Fig.  2  gives  typical 
sphere-gap  curves  for  both  spheres  instilated  and  for  one  sphere 
grounded.  Tables  I  to  V  give  spark -over  curves  for  6.25-,  12. 5-, 
25-,  50- and  100-cm.  spheres  at  sea  level  (25  deg.  cent.,  76  cm. 
barometer).     5  =  1.     (See  Note  2). 
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Calculation  of  Curves:  The  gradient  or  stress  on  the  air  at  the 

sphere  surface,  where  it  is  greatest,  is  found  mathematically: 


where  e  is  the  applied  voltage  in  kilovolts,  x  is  the  spacing  in 
centimeters, /is  a  function  of  ■=-,  and  J?  is  the  radius  of  the  sphere 


m  centimeters. 


2.  The  Calibralion  nf  Ihe  Sphcrr-Cap  VotlmeUr,  Chubb  and  Fortescue, 
Trans.  A.I.E.E..  Vol.  XXXII,  1913.  p.  739.  Discussion  by  F.W.  Peek, 
Jr..  p.  812.  "  The  Sphere  Gap  as  a  Means  of  Measuring  High  Volt- 
age. ■■     F.  W.  Peek.  Jr.,     G.  E.  Rmew.  May,  WIS. 
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The  average  gradient  between  these  limits  of  separation  is* 


gs  =  27.2   (  1  +  ^)  lev.  per 


cm.  max. 


(It) 


|j,=  19.3(  1  + 


( 


0.54 


ikv.  per  cm.  cff.  sine  wave,  (lb) 


TABLE  IV 
Sphers-Gap  Spark-Ovbr  Voltages. 

50-Cm.    DlAlfBTSR   SrHBRKS 


Spacing 

KUovolts 

effective 

cm. 

in. 

Non-grounded 

Grounded 

2 

0.787 

* 
40 

40 

4 

1.575 

76.5 

76 

6 

2.362 

115.5 

112 

8 

3.150 

149 

145 

10 

3.937 

189 

185 

12 

4.72 

224.3 

220 

14 

5.51 

255.5 

250 

16 

6.30 

285 

275 

20 

7.87 

335 

320 

25 

9.83 

393 

377t 

30 

11.81 

445 

420 

35 

13.80 

493 

456 

40 

15.75 

537 

489 

45 

17.72 

573 

516 

50 

19.19 

605 

541 

21.65 

633 

561 

60 

23.62 

660 

579 

65 

25.60 

684 

594 

70 

27.56 

705 

60S 

75 

29.55 

725 

619 

•These  values  arc  calculated. 
tSpacings  above  22  cm.  are  calculated. 

The  maximum  variation  from  the  avcraj^e  between  the  limits 
may  be  2  per  cent.  When  x  is  less  than  0.54  V^,  gs  increases 
very  rapidly  because  the  spacinj^  is  then  less  than  the  **  rupturing 
energy  distance.''*  Above  jc  =  3  i?,  g,  apparently  gradually 
increases*.     This  increase  seems  only  apparent  and  due  to  the 

4.  vSee  Law  of  Corona  III,  F.  W.  Peek,  Jr.,  Trans.  A.  I.  E.  E.7VoI. 
XXXII,  1913.  p.  1767. 

5.  Ibid. 
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shanks,  surrounding  objects,  etc.,  better  distributing  the  flux 
or  lessening  the  flux  density.  When  both  spheres  are  insulated 
and  of  practical  size,  the  change  is  not  great  within  the  prescribed 
limits.  When  one  sphere  is  grounded,  however,  this  apparent 
increase  of  gradient  is  very  great  if  the  mathematical  /,  which 
does  not  take  account  of  the  effect  of  surrounding  objects,  is 
used.  For  this  reason  this  /o  was  determined  experimentally, 
for  the  grounded  case,  by  assuming  gs  constant  within  the  limits, 


TABLE  V 

Sphbrb-Gap  Spark-Ovbr  Voltages. 
100-cm.  Diameter  Sphere. 


Spacing 

Kilovolts  effective 

cm. 

in. 

Non-grounded 

Grounded 

1.0 
3.0 
5.0 

10.0 
15.0 
20.0 

30.0 
40.0 
50.0 

j           60.0 
!           70.0           i 
80.0 

• 

90.0 
100.0 
110.0 

120.0 
130.0 
140.0           1 

150.0 

0.394 
1.181 
1.969 

3.937 

5.91 

7.87 

11.81 
15.75 
19.69 

23.62 
27.56 
31.50 

35.43 
39.37 
43.35 

47.20 
51.20 
55.70 

59.10           I 

20 

60 

100 

195 
283 
364 

520 
650 
770 

870 

956 

1044 

1107 
1182 
1238 

1290 
1335 
1378 

1412 

20 

60 

100 

195 
280 
360 

505 
615 
730 

810 
895 
956 

1010 
1057 
1090 

1133 
1160 
1189 

1212 

These  values  are  calculated. 

as  it  is  in  the  non-grounded  case,  and  finding  values  of  /©  corres- 
ponding  to  the  different  values  of  p-.  These  measurements 
were  made  with  the  grounded  sphere  4  to  5  diameters  above 
ground.  Any  given  value  of  the  ratio -^  should  require  a  con- 
stant /o  to  keep  gs  constant  independent  of  R.  This  was  found 
to  check. 

The  curves  may  be  quite  closely  calculated  thus: 


^s  =  gs  -f  (non-grounded)  effective  sine  wave. 


(2) 
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^«  =  |[*  T     (grounded)  effective  sine  wave 

JO 


(8) 


where  gg  is  calculated  from  equation  (lb),  and  /©  or  /  is  found 
from    the    table    for  the    given      p    .      Curves    need    be  caU 


TABLE  VI 
Sphbrb-Gap   Gradient   Factor. 


Non-grounded. 

One  tpheie 

One  sphere  grounded. 

MathematicAl 

grounded. 

Mathematical  coeffi- 

X 

and  actual 

Actual 

cient  not  correct 

R 

XMVCtical 

practical 

on  account  of  effect 

coefficient* 

coefficient 

of  ahanks,  etc. 

/ 

/• 

/i 

0.1 

1.034 

1.034 

1.050 

0.3 

1.103 

1.105 

1.162 

O.S 

1.175 

1.180 

1.280 

1.0 

1.866 

1.410 

1.620 

l.S 

1.568         « 

1.675 

2.000 

2.0 

1.781 

1.965 

2.415 

3.6 

2.002 

2.27 

2.85 

3.0 

2.225 

2.50 

3.30 

3.S 

2.455 

2.90 

3.76 

4.0 

2.686 

3.20 

4.23                ' 

t 

1 

^Non-grounded :  / 


-i(f-*^(i-H 


/o  *  experimental  values. 


One  sphere  grounded : 


I'. 


-  i{i  *  ^(i)'  *  • ) 


ft   should  not  be  used — sec  note  above,      fu  should  be  used  for  the  Kroundcd  ca-^. 
The    experimental    values    were    determined    with    the    pounded    sphere  four  to  live 
diameters  above  ground. 


culated  only  when  standard  measured  curves  cannot  be  ob- 
tained. Measured  curves  are  given  here.  The  average  error, 
however,  for  curves  calculated  from  the  above  equations,  for 
2-cm.  diameter  spheres  and  over,  should  not  be  greater  than  2 
or  3  per  cent.  The  accuracy  of  calculations  is  not  as  great  as 
in  the  case  of  the  starting  point  of  corona  on  wires. 
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Effect  of  Air  Density  or  Altitude  and  Temperature 

We  have  found  that  the  average  gradient  for  various  air 
densities  may  be  expressed 


„  =  27.2  «  (l  +  ;^)  kv.  per 


cm.  max. 


(0  54  \ 
1  H 7=^1  kv.  per  cm.  effective 
VdR/ 


where  S  is  the  relative  air  densitv 


6  = 


3.92  6 

273+/ 


b  =  barometric  pressure  in  cm. 
/  =  temperature  in  deg.  cent. 

The  standard  sea-level  curves  correspond  to  76  cm.  barometric 
pressure  and  25  deg.  cent,  or  where  5  =  1. 

Correction  Factor,  The  standard  curve  may  be  made  to  apply 
to  any  given  altitude  by  multiplying  the  voltage  at  different 
spacings  by  the  correction  factor,  thus: 


ei 


19.35(1 +-«^)  I 

\         VSR/ 
19.3  (l  + 


=  eS 


( 


1  + 


) 


0.54 
VSR 


0+^) 


=  ek 


(4) 


Practical  Application.  In  order  to  avoid  the  trouble  of  cal- 
culating in  practise,  the  factor  is  tabulated  in  Tables  VII  and 
VIII.  This  correction  is  very  accurate.  Table  VII  gives  the 
correction  factor  for  different  sizes  of  spheres  at  different  baro- 
metric  pressures   and  at   constant   temperature.     When  volt- 
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ige  strikes  across  a  given  gap,  its  value,  «i,  may  be  found  by  tak- 
ng  the  voltage  e,  corresponding  to  the  gap,  from  the  standard 
jurve  and  multiplying  by  the  correction  factor  A,  or  a  curve  may 
)e  plotted  corresponding  to  a  given  barometric  pressure,  thus 

e\  =  ek. 


TABLE  VIII 
CalctUated  values  of  k  for  different  values  of  < 


*-  <   < 


1  + 


0.54 


1  + 


0.S4 


*    V^+0.54 


Relative 

• 

Values  of  k. 

air 

density 

Diameter  of  standard  spheres  in  cm. 

1 

6.25 

12.5 

25. 

37.5 

50. 

75. 

100. 

0.50 

0.547 

0.535 

0.527 

0.522 

0.519 

0.519 

0.510 

0.55 

0.594 

0.583 

0.575 

0.570 

0.567 

0.565 

0.564 

0.60 

0.640 

0.630 

0.623 

0.618 

0.615 

0.613 

0.612 

0.65 

0.686 

0.677 

0.670 

0.665 

0.663 

0.661 

0.660 

0.70 

0.732 

0.724 

0.718 

0.714 

0.711 

0.709 

0.708 

0.76 

0.777 

0.771 

0.766 

0.762 

0.759 

0.757 

0.756 

0.80 

0.821 

0.816 

0.812 

0.809 

0.807 

0.805 

0.804 

0.85 

0.866 

0.862 

0.859 

0.857 

0.855 

0.854 

0.853 

0.90 

0.910 

0.908 

0.906 

0.905 

0.904 

0.903 

0.902 

0.95 

0.956 

0.955 

0.954 

0.953 

0.952 

0.951 

0.951 

1.00 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.05 

1.044 

1.045 

1.046 

1.047 

1.048 

1.049 

1.049 

1.10 

1.090 

1.092 

1.094 

1.095 

1.096 

1.097 

1.098 

Table  VIII  gives  the  correction  factor  for  various  values  of  5. 
The  value  of  5  may  be  calculated  for  the  given  temperature  and 
larometric  pressure,  and  a  correction  factor  then  found  from  the 
able.  Fig.  3  gives  the  standard  curve  for  the  12.5-cm.  sphere 
non-grounded,  25  deg.  cent.,  76  cm.  bar.  pressure)  and  curves 
alculated  therefrom  for  25  deg.  cent,  and  various  barometric 
pressures. 
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^«  =  |[i  "7"     (grounded)  effective  sine  wave 

JO 


(8) 


where  gs  is  calculated  from  equation  (lb),  and  /©  or  /  is  found 

X 


from    the    table    for  the    given 


R    ' 


Curves    need    be    cal- 


TABLE  VI 
Sphbrb-Gap   Gradient   Factor. 


•Non-grounded:  / 


-T(T-^^(i..)-) 


One  sphere  grounded : 


/o  *  experimental  values. 


/i 


t(«-  *  ^(^y  * ' ) 


Non-grounded. 

One  spnere 

Mathematical 

grounded. 

Mathematica]  coeffi- 

X 

and  actual 

Actual 

cient  not   cmrect 

R 

XMVCtical 

practical 

on  account  of  effect 

coefficient* 

coefficient 

of  ahanks,  etc. 

/ 

/• 

/i 

0.1 

1.034 

1.034 

1.050 

0.3 

1.103 

1.105 

1.162 

O.S 

1.17S 

1.180 

1.280 

1.0 

1.866 

1.410 

1.620 

l.S 

1.668         « 

1.675 

2.000 

2.0 

1.781 

1.065 

2.416 

2.6 

2.002 

2.27 

2.85 

3.0 

2.225 

2.59 

3.30 

3.S 

2.465 

2.90 

3.76 

4.0 

2.686 

3.20 

4.23 

1 

/l    should  not  be  used — sec  note  above,      /o  should  be  used  for  the  Kroundcd  lm-^ 
The    experimental    vaIucs    were    determined    with    the    j^oundcd    sphere  four  to  live 
diameters  above  ground. 


culaied  only  when  standard  measured  curves  cannot  be  ob- 
tained. Measured  curves  are  given  here.  The  average  error, 
however,  for  curves  calculated  from  the  above  equations,  for 
2-cm.  diameter  spheres  and  over,  should  not  be  greater  than  2 
or  3  per  cent.  The  accuracy  of  calculations  is  not  as  great  as 
in  the  case  of  the  starting  point  of  corona  on  wires. 
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Effect  of  Air  Density  or  Altitude  and  Temperature 

We  have  found  that  the  average  gradient  for  various  air 
densities  may  be  expressed 


"  =  ''•'  *  ('  +  ^)  ^"-  p^^ 


cm.  max. 


gs  =  19.3  6  1 1  H — 7=^)  l^v.  per  cm.  effective 


where  6  is  the  relative  air  density 


5  = 


3.92  6 

273+/ 


b  =  barometric  pressure  in  cm. 
/  =  temperature  in  deg.  cent. 

The  standard  sea-level  curves  correspond  to  76  cm.  barometric 
pressure  and  25  deg.  cent,  or  where  5  =  1. 

Correction  Factor,  The  standard  curve  may  be  made  to  apply 
to  any  given  altitude  by  multiplying  the  voltage  at  different 
spacings  by  the  correction  factor,  thus: 


e\ 


"'•"('+^)i 


19 


.3( 


1    +- 


0.54 


) 


=  eb 


=  ek 


(4) 


Practical  Application.  In  order  to  avoid  the  trouble  of  cal- 
culating in  practise,  the  factor  is  tabulated  in  Tables  VII  and 
VIII.  This  correction  is  very  accurate.  Table  VII  gives  the 
correction  factor  for  different  sizes  of  spheres  at  different  baro- 
metric  pressures   and  at   constant   temperature.     When  volt- 
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EXPBRIMBNTAL  DETERMINATION   OP  AlR   DENSITY     CORSBCTION 

Tests.  The  equation  (4)  for  the  air  density  correction  fac- 
tor was  determined  by  an  extensive  investigation  of  the  spark- 
over  of  spheres  in  a  large  wooden  cask  arranged  for  exhaustion 
of  air.  This  cask  was  built  of  paraffined  wood  and  was  2.1 
meters  high  by  1 .8  meters  inside  diameter. 

Tests  were  made  by  setting  a  given  size  of  sphere  at  a  given 
spacing,  gradually  exhausting  the  cask,  and  reading  spark-over 
voltage  at  intervals  as  the  air  pressure  was  changed.  (Tempera- 
ture was  always  read,  but  varied  only  between  16  deg.  and  21 
deg.  cent).  This  was  repeated  for  various  spacings  on  spheres 
ranging  in  diameter  from  2.0  cm.  to  25  cm.     At  the  start,  the 


^    »tn(f 

^2-  -«- 

5 

!"■       z 

^  ^'^^   use-! 

i..     it 

-\,^'1^''   'W- 

1  ifcpg 

^'^ 

' 

Fig.  3 — Sphere  Gap  Spark-Over  Voltage  at  Varic 
Air  Pressures 

'  ■<  standard  cur'vt.    'Poiiitj  are  from  cunes  through  meiLsureil  vbIum."^" 


possible  effect  of  spark -overs  on  the  succeeding  ones  in  the  cask 
was  investigated  and  found  to  be  nil  or  negligible.  A  resistance 
of  one  to  four  ohms  per  volt  was  used  in  series  with  the  spheres. 
Wave  shape  was  measured  and  corrected  for.  Voltage  was  read 
on  a  voltmeter  coil,  by  step-down  transformer,  and  by  ratio. 
Precautions  were  taken  as  noted  in  the  discussion  referred  to 
below.* 

In  order  to  illustrate  the  method  of  recording  data,  etc.a 
small  part  of  the  data  for  various  spheres  and  spacings  is  given 
in  Tables  IX  to  XVIII.     Numerous  data  are  plotted  in  cun-«. 

6.  TU  Caiibrolion  of  the  Sphere-Cap  Voltmeter,  Trans.  A.I.E.E.,  Vol. 
XXXII,  1913,  p.  739.     DiscussioD  by  F.  W.  Peek,  Jr.,  p.  812. 
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TABLE  IX 
Spmbrb-Gap  Spark-Ovbr  Voltages  and  Gradibnts 
2.54-cm.  DiAMBTBR  Sphbrbs-^Non-Groumdbd. 


'           c         ■ 

Spacing 

Temp 

Press. 

Relative 

kv. 

is 

cm. 

in. 

deg. 
cent. 

in.  of  Hg 

air 
density 

eff. 

max. 

eff.           max. 
measured 

1 
0.635 

0.25 

15 

29.78 

1.028 

15.7 

22.2 

29.2 

41.3 

28.63 

0.99 

15.3 

21.65 

28.5 

40.3 

I 
I 

27.73 

0.957 

14.9 

21.1 

27.7 

39.2 

26  93 

0.93 

14.4 

20.4 

26.8 

23.0 

1 

25.93 

0.895 

14.0 

19.8 

26.0 

36.8 

1 
1 

24.68 

• 

0  852 

13.6 

19.2 

25.3 

35.7 

23.63 

0.818 

13.2 

18.7 

24.6 

34.8 

22.38 

0.776 

12.5 

17.2 

23.25 

32.0 

21.58 

0.745 

12.1 

17.1 

22.5 

31.8 

1 

20.78 

0.717 

11.8 

16.7 

22.0 

31.1 

19.88 

0.686 

11.3 

16.0 

21.0 

29.8 

1 

1 
1 

18.78 

Q.649 

10.75 

15.2 

20.0 

28.3 

17.88 

0.618 

10.4 

14.7 

19.35 

27.4 

16.68 

0.576 

9.8 

13.85 

18.25 

25.8 

1 

15.73 

0.544 

9.26 

13.1 

17.2 

24.4 

1 
1 

1 

1 

14.48 

0.500 

8.66 

12.25 

16.1 

22.8 

Barometer    29.78    in. 


TABLE  X 
Sphere-Gap   Spark-Over   Voltages  and  Gradients 
2.54-cm.  Diameter  Spheres — Non-Grounded. 


Relative 

ts 

Spacing 

air 

k^ 

/. 

eff.                max- 

cm. 

in. 

density 

eff. 

max. 

measured 

3.81 

1.5 

1.01 

52.4 

74.2 

29.2 

41.4 

0.962 

50.5 

71.5 

28.1 

39.8 

0.923 

49.1 

69.5 

27.4 

38.7 

0.875 

45.7 

64.6 

25.5 

36.0 

0.834 

45.2 

64.0 

25.2 

35.7 

0.798 

42.8 

60.6 

23.8 

33.8 

0.757 

41.3 

58.5 

23.0 

32.6 

0.734 

40.4 

57.2 

22.5 

31.9 

0.722 

39.0 

55.1 

21.7 

30.7 

- 

0.669 

38.0 

53.8 

21.2 

30.0 

0.629 

.35.6 

50.4 

19.8 

28.1 

0.590 

34.1 

48.3 

19.0 

26.9 

0.551 

.12. 7 

46.3 

18.2 

25.8 

0  527 

31.2 

44.3 

17.4 

24.7 

0 .  487 

30  5 

43.2 

17  0 

24.1 
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TABLB  XV 
Sphbrb-Gap  Spark-Ovbr  Voltages  and  Gradibmts. 
12.6-cm.  DiAMBTBR  Spherb — Non-Groundbd. 


Relative 

is 

Spacing 

air 

kv. 

eff.                 max. 

cm. 

in. 

density 

eff. 

max. 

measured 

12.7 

5 

0.982 

163.0 

230.0 

23.1 

32.7 

0.051 

156. 

221.0 

22.2 

31.4      1 

0.917 

150 

212.5 

21.3 

30.2 

0.88 

147 

208 

20.9 

29.5 

0.846 

143.5 

203 

20.4 

29.8 

0.807 

139.5 

197.5 

19.8 

28.0 

0.78 

134.5 

190 

19.1 

27.0 

0.736 

131 

185.5 

18.6 

26.3 

0.699 

125 

177 

17.7 

25.1 

0.666 

120.5 

170 

17.1 

24.2 

0.637 

115.5 

163 

16.4 

23.1 

0.598 

109.5 

155 

15.5 

22.0      , 

0.561 

104.5 

147.5 

14.8 

21.0 

0.541 

101 

142.5 

14.3 

20.2 

1 

TABLE    XVI 
Sphere-Gap  Spark-Over  Voltages  and  Gradients 
12.5-cm.   Diameter  Spheres— Non-Grounded. 


Relative 

Us 

Spacing 

air 

kv. 

eff. 

max.      ' 

cm. 

in. 

density 

eff. 

max. 

m 

easured 

20.;t2 

8 

0.938 

198.5 

281 

23.0 

32.6 

0.912 

197 

279 

22.9 

32.4 

0.874 

189.5 

268 

22.0 

31.1 

0.842 

183 

259 

21.2 

28.9 

0.804 

176.5 

250 

20.5 

29.0 

0.767 

169 

239 

19.6 

27. »      ! 

0.737 

163.5 

231 

19.0 

26.8 

0.704 

157.5 

223 

18.3 

24.7 

0.074 

151 

235 

17.5 

24.8 

0.015 

140.0 

198.0 

16.2 

23.0 

0.568 

130.5 

184.5 

15.1 

21.4 

0.528 

120.5 

171 

14.0 

19  8 

0.488 

110 

157 

12.8 

IS  2 

0.464 

105.5 

149 

12.2 

17  3 
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TABLE  XVII 
Sphere-Gap  Spark-Ovbr  Voltages  and  Gradients 
12.5-cm.  Diameter  Sphere — Grounded. 


Relative 

ts 

Spacing 

air 

ir» 

r 

• 

eff.               max. 

cm. 

in. 

density 

eff. 

max. 

measured 

6.35 

2.5 

0.008 

95.5 

135 

21.2 

30.0 

0.869 

92.5 

130.5 

20.5 

29.0 

0.828 

88.6 

125 

19.7 

27.8 

0.796 

85.8 

121 

19.05 

26.9 

0.768 

81.1 

114.5 

18.0 

25.4 

0.723 

78.2 

110.5 

17.35 

24.5 

0.69 

73.2 

103.5 

16.25 

23.0 

0.653 

71.5 

101 

15.9 

22.4 

0.62 

68.2 

96.3 

15.15 

21.4 

0.582 

64.3 

90.9 

14.25 

20.2 

0.539 

60.7 

85.8 

13.5 

19.05 

0.439 

55.6 

78.5 

12.35 

17.4 

TABLE  XVIII 
Sphbre-Gap  Spark-Ovsr  Voltages  and  GRiU>iBNTS. 
25-cro.  Diameter  Sphere — Non-Grounded. 


Relative 

ts 

Spacing 

air 

V\ 

\ 

eff. 

max. 

cm. 

in. 

density 

eff. 

max. 

mi 

»asured 

7.62 

3 

1.018 

139 

196.5 

22.2 

31.5 

0.978 

133.5 

189 

21.4 

30.3 

0.942 

129.5 

183 

20.8 

29.3 

0.906 

126 

178 

20.2 

28.5 

0.888 

121.5 

172 

19.5 

27.6 

0.839 

115 

163 

18.4 

26.1 

0.796 

111 

157 

17.8 

25.2 

0.752 

105.5 

149 

16.9 

23.9 

0.718 

101.5 

142 

16.3 

22.7 

0.685 

96.2 

136 

15.4 

21.8 

0.646 

91.5 

129  5 

14.6 

20.7 

0.608 

87.0 

123 

13.9 

19.7 

0.570 

81.3 

115 

13.0 

18.4 

0.527 

74.7 

105.5 

12.0 

16.9 

0.491 

70.8 

100 

11.3 

16  0 
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Figs.  4  to  8.  The  points  are  measured  values.  The  drawn  lines 
arc  calculated  by  multiplying  the  voltage  values  from  the  stand- 
ard curves  at  6  =  1,  by  the  correction  factor  k. 

The  calculated  values  check  the  measured  values  very  closely. 
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Fig.  6 — Spark-Ove»    Voltage 
with  Varying  Air  Densities 
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The  equation  for  the  correction  factor  was  deduced  from 
measured  values  as  follows: 

From  a  former  investigation'  it  was  found  thai  at  6  =  1  the 
average  gradient 


-4-^) 


(I) 


From  ihc  present  investinalion  it  was  found  that  the  average 
gradient  at  various  values  of  h  is 


:..S(l+-m^ 


7.    /-uif  oj  Corona  111.      F,  W.  Peek,  Jr.,  Trans.  A.I.E.E.,  Vol.  XXXIl, 
1013.  p.  1767.     Discussion.  Trass.  A.I.B  E.,  Vol.  XXXII,  1913,  p.  812. 
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The  average  measured  gradients  for  various  values  of  S  are  given 
in  Table  XIX;  values  calculated  from  the  equation  are  also 
given.  The  checkisquiteclose.  Itshouldberemembered, how- 
ever, that  these  are  average  values  and  that  there  is  a  small  varia- 
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tion  at  different  spacings  over  this  range,  as  already  explained. 
(See  Figs.  9  and  10). 

Frequency 
Over  the  commercial  range   there   is  no  variation  due  to 
frequency.      Fig.    11  shows   spark-over    curves   up   to  25  kv. 
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TABLE  XIX 

I    ErPKCIIVa    RUPTUKIHG-CKADimHTS  FOB  StHKUS  0 

km  Vakvihg  Alt  DKNllTitS. 
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M                 '             S.08               j               I3.S 

3S 

1 

Htiu. 

C>lc. 

Meu. 

Cklc.         Mcu. 

C»lc. 

MCM. 

1 

1-00 

o.eo 

0,80 
0.70 

o.ao 

0,05 

28.7 
20.3 
24.0 
21.3 
18.7 

38.S 
38.1 
33. T 
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18.7 
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with  1000-cycle  sine-wave  current  from  an  alternator.  The 
voltage  was  measured  by  a  static  voltmeter  calibrated  at 
60  cycles.  The  drawn  curve  is  the  60-cycle  curve  and  the 
points  are  measured  values.  Fig.  12  gives  a  60-cycle  curve, 
and  also  a  40,000-cycle  curve  from  a  sine-wave  altemater. 
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Pig.  11a — Spbbrb  Gap  Sfakr- 
Over  Voltage  at  fiO  Cycles  and 
1000  Cycles 
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Pig.  12 — Sphere  Gap  Spark-Ovbr  Voltage  at  60  Cycles  and  40.000 
Cycles 

PnnUmeuurcd  tX  W.OOOcyclei.     S.OS<m.  (3-iii.)  IphirM.  not  poUlbod. 

The  voltage  in  this  case  was  measured  by  a  static  voltmeter. 
No  special  care  was  taken  to  polish  the  sphere  surfaces.  At 
low  frequencies,  at  rough  places  on  the  electrode  surface  there 
is  local  over -stress,  but  even  if  the  air  is  broken  down,  the  loss 
at  these  places  is  very  small  and  the  streamers  inappreciable. 
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local  voltage  rise  over  parts  of  the  winding.  If  sufficient  re- 
sistance is  used,  these  oscillations  will  be  damped  out.  This 
is  illustrated  in  Fig.  13,  which  shows  results  of  a  test  on  a  high- 
voltage  transformer  on  which  a  19-cm.  gap  test  is  required. 

Referring  to  Fig.  13,  the  high-voltage  winding  of  the  trans- 
former under  test  is  short-circuited  and  connected  to  one  ter- 
minal of  the  testing  transformer.  The  other  terminal  of  the 
testing  transformer  is  grounded.  The  low-voltage  winding 
of  the  transformer  under  test  is  short-circuited,  connected  to 
the  case  and  ground.     Voltage  is  gradually  applied  to  the  trans- 
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Fig.  13 


former  under  test  until  the  "  measuring  gap  "  sparks  over. 
Insulated  laps,  1,  2,  3,  4,  5,  are  brought  out  at  equidistant 
points  from  the  high-tension  winding  of  the  transformer  under 
test.  Auxiliary  needle  gaps  are  placed  between  1  and'2,  2  and 
3,  and  1  and  3,  to  measure  the  voltage  which  appears  across  these 
sections  of  the  winding  when  the  main  measuring  gap  discharges. 
The  numbers  on  the  figure  between  1-2,  2-3  and  1-3, rep- 
resent the  sparking  distances  of  the  local  voltages  caused 
by  a  discharge  of  the  measuring  gap.  Four  cases  are  given 
with   different  values  of  resistance  co  in  the   main   gap.     When 
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CO  equals  one  ohm  per  volt  the  local  voltages  are  completely 
damped  out. 

With  small  resistance  in  the  main  gap,  a  19-cm.  spark-over 
causes  a  voltage  to  build  up  between  coils  one  and  three  which 
sparks  over  a  150-cm.  gap,  although  the  total  applied  voltage 
across  the  transformer  is  only  equivalent  to  a  19-cm.  gap.  The 
apparatus  may  thus  be  subjected  to  strains  far  beyond  reason, 
and  either  broken  down  or  very  much  weakened.  Water-tube 
resistance  is  the  most  reliable.  A  metallic  resistance,  if  non- 
inductive  and  of  small  capacity,  may  be  used.  Carbon  or 
graphite  rods  should  be  avoided,  because,  although  they  may 
measure  up  to  a  very  high  resistance  at  low  voltage,  the  re- 
sistance may  become  very  low  at  high  voltage  by  "  coherer  " 
action.  Where  possible  the  gap  should  be  used  only  to  measure 
the  equivalent  transformer  ratio  and  not  diuing  test.  When  the 
tested  apparatus  is  of  such  nature  that  there  is  considerable 
incipient  arcing  before  spark-over,  it  is  better  to  use  the  spheres 
to  determine  the  "  equivalent  ratio  '*  of  the  transformer  below 
the  voltage  at  which  this  arcing  occurs.  It  must  be  remembered 
that  resistances  do  not  dampen  out  low-frfequency  surges  resulting 
from  a  short  circuit,  etc. 

TABLE  XX. 

Possible  Per  Cent  Error  Dub  to  Plates  on 
6.25-CM.    Sphere  Shanks. 


spacing 
cm. 

Non-grounded 
5  cm.  diameter  plate 
8.25  cm.  back  of 

Grounded 
5  cm.  diameter  plate 
6.25  cm.  back  of 

both 
spheres 

one 
sphere 

insulated 
sphere 

grounded 
sphere 

both 
spheres 

1.5                      0 
3.0                   +1.0 
6.0                   +2.0 

-0.2 
-1.0 
-2.0 

+0.7 
+  1.5 
+3.0 

-0.7 
-1.5 
-2.0 

0 
+2.0 
+2.0 

This  table  is  not  meant  for  making  corrections.     The  arrangement  should  be  such  that 
no  corrections  are  necessary. 


Approximate  Effect  of  Distance  above  Ground  when  One  Sphere  is  Grounded 


Percentage 

variations  from  standard  curves                   | 

Diameters  of  grounded 
sphere  above  ground. 

for  different  spacings 

• 

X  -  2R\ 

X  ~  R\ 

X  -  R/2 

0 

-10. 

5.5 

0.0 

1 

-  4.5 

-3.0 

0.0 

2 

-  2. 

-1.0 

0.0 

3 

-  1. 

-0.6 

0.0 

4 

0. 

0.0 

0.0 

5 

+  .0.5 

+0.3 

0.0 

6 

+  1.0 

+0.5 

0.0 

10 

+  2.5 

+  1.0 

0.0 

20 

+  2.6 

+1.0 

0.0              V 
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Miscellaneous  Precautions 

In  making  tests  it  is  desirable  to  observe  the  following  pre- 
cautions: 

The  shanks  should  not  be  greater  in  diameter  than  1/5  the 
sphere  diameter.  Metal  collars,  etc.,  through  which  shanks 
extend,  should  be  as  small  as  practicable,  and  should  not  come 
closer  to  the  sphere  than  the  gap  length.  For  the  non-grounded 
case  the  eflFect  of  such  objects  is  a  minimum  when  symmetrical  on 
either  side.  For  the  grounded  case  the  effect  is  considerable. 
The  effect  of  a  large  plate  or  plates  on  the  shanks  is  given  in 
Table  XX.  This  should  show  the  maximum  error  in  all  cases, 
as  the  maximum  gap  setting,  and  the  extreme  diameter  of 
collar  that  is  likely  to  be  used  in  practise,  is  taken.  The 
sphere  diameter  should  not  vary  more  than  0.1  per  cent,  and 
the  curvature,  measured  by  a  spherometer,  should  not  vary 
more  than  1  per  cent  from  that  of  a  true  sphere  of  the  re- 
quired diameter.  The  spheres  should  be  twice  the  gap  setting 
from  surroundings. 

In  Table  XX  the  spacing  X  is  given  in  terms  of  radius  R,  to  make 
the  correction  applicable  to  any  size  of  sphere.  The  distance  of  the 
grounded  sphere  above  ground  is,  for  the  same  reason,  given  in 
terms  of  the  sphere  diameter.  The  (+)  sign  means  that  a  higher 
voltage  is  required  to  arc  over  the  gap  than  that  given  by  the 
standard  curve.  The  (— )  sign  indicates  that  the  spheres  read 
too  low.  The  standard  curves  were  made  with  the  grounded 
spheres  from  four  to  five  diameters  above  ground.  In  practise 
it  is  desirable  to  work  between  four  and  ten  diameters;  never 
under  three.  Above  ten  the  variation  in  ])er  cent  error  remains 
about  the  same. 

When  both  spheres  are  insulated ,  with  the  transformer  neutral 
at  the  mid  point,  there  is  practically  no  variation  in  voltage  for 
different  distances  above  ground. 

Great  precautions  are  necessary  at  very  high  voltages  to  pre- 
vent leakage  over  stands,  supports,  etc.,  and  to  prevent  corona 
and  brush  discharges.  Care  must  also  be  taken  to  so  place  the 
spheres  that  external  fields  are  not  superposed  above  the  sphere 
gap.  This  is  likely  to  result,  especially  in  the  non-grounded 
case,  from  a  large  mass  of  resistance  units  or  connecting  leads, 
etc.,  in  back  of  and  in  electrical  connection  with  either  sphere. 
The  error  may  be  either  plus  or  minus,  as  indicated  for  the  small 
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plates  in  Table  XX.  With  the  water-tube  resistance  this  condi- 
tion is  not  likely  to  obtain,  as  the  tube  may  be  brought  directly 
to  the  sphere  as  an  extension  of  the  shank. 

The  author  wishes  to  acknowledge  the  assistance  of  Mr.  H. 
K.  Humphrey  in  laboratory  work  and  in  making  calculations. 
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pices of  the  Electrophysics  Committee. 
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THE  ELECTRIC  STRENGTH  OF  AIR~V 
The  Influence  of  Frequency 


BY  J.   B.  WHITEHEAD  AND  W.  S.  GORTON 


Abstract  of  Paper 


The  paper  presents  the  account  of  an  investigation  of  the 
influence  of  frequency  on  the  corona,  between  60  and  3000  cycles 
per  second.     The  wire  and  coaxial  cylinder  method  was  used. 

A  simple  method  for  measuring  the  maximum  value  of  an 
alternating  voltage  wave  has  been  developed  and  used  for 
obtaining  this  maximum  value  at  the  critical  corona  voltage. 
The  gold-leaf  electroscope  was  used  to  detect  the  first  appear- 
ance of  corona. 

It  has  been  found  that  for  frequencies  above  275  cycles  per 
second  the  corona  voltage  (maximum  value)  is  not  so 
uniform  and  constant  as  it  is  at  frequencies  in  the  neighbor- 
hood of  60  cycles. 

The  indications  of  the  investigation  are  that  at  2000  cycles 
the  corona  voltage  is  lower  than  it  is  at  60  cycles  by  about  3 
or  4  per  cent. 

The  experiments  reveal  several  interesting  instances  of  re- 
sonance phenomena  in  the  high-tension  transformer  circuits. 


IN  AN  earlier  paper  by  one  of  the  authors*  it  was  shown 
that  within  the  range  20  to  90  cycles  per  second  the  fre- 
quency had  a  measurable  effect  on  the  voltage  (maximum  of  the 
wave)  at  which  the  corona  begins.  The  principle  of  the  method 
of  experiment  is  simple  and  will  be  repeated  briefly  here.  The 
corona  is  formed  about  a  wire  which  is  stretched  coaxially  in  a 
metal  cylinder,  the  ends  of  the  cylinder  being  closed  by  in- 
sulating bushings.  Air  may  be  let  into  the  cylinder  by  a  lateral 
tube  near  one  end  and  out  by  a  lateral  tube  near  the  other  end. 
Immediately  after  leaving  the  cylinder  the  air  passes  over  an 
insulated  electrode  which  is  connected  to  a  gold-leaf  electroscope. 
The  walls  of  the  cylinder  where  the  lateral  tubes  were  connected 
were  drilled  with  numerous  small  holes.  The  air  could  thus  pass 
freely  and  at  the  same  time  the  electrode  could  not  be  influenced 
electrostatically  by  the  presence  of  the  highly  charged  wire  at 
the  axis  of  the  cylinder.     As  the  voltage  applied  to  the  wire 

1.   Whitehead,  Trans.  A.I.E.E.,  1910,  Vol.  XXIX,  Part  II,  p.    1159; 
and  1911.  Vol.  XXX,  Part  III,  p.  1857. 
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the  transformer  voltage  was  effected  by  varying  the  field  current 
of  the  generator. 

The  corona  apparatus  proper  consisted,  as  in  the  earlier  ex- 
periments, of  a  wire  stretched  coaxially  in  a  metal  tube.  At  a 
point  equidistant  from  the  ends  of  the  tube  were  drilled  numerous 
small  holes  (about  J  in.  (3.2  mm.)  in  diameter).  The  electrode, 
which  consisted  of  a  brass  disk  having  the  same  curvature  as  the 
tube,  was  placed  over  these  holes  and  as  near  the  tube  as  could 
conveniently  be  done  without  having  metallic  contact.  A 
grounded  metallic  shield  was  placed  around  the  electrode 
and  the  connection  to  the  electroscope  was  made  through  a 
hole  in  the  shield,  the  wire  being  insulated  from  the  shield  by 
means  of  a  plug  of  sulfur.  The  electroscope  was  a  very  sensitive 
one;  it  gave  a  workable  deflection  of  the  gold-leaf  when  charged 
to  a  potential  of  120  volts.  In  the  earlier  part  of  the  work  the 
ends  of  the  tube  were  left  open,  the  wire  being  stretched  between 
insulating  supports  situated  at  some  distance  from  the  ends 
of  the  tube.  Later  the  ends  of  the  tube  were  closed  by  instdating 
caps,  the  wire  passing  through  holes  in  the  caps. 

The  Experiments 

Observations  were  first  made  on  a  brass  wire  0.089  cm. 
(0.0350  in.)  in  diameter  in  a  4.9-cm.  tube.  The  500-watt  trans- 
former mentioned  above  was  used.  The  procedure  was  to  raise 
the  primary  voltage  by  increasing  the  field  current  of  the  gen- 
erator until  the  electroscope  began  to  discharge.  The  field 
current  was  then  decreased  until  the  leak  of  the  electroscope 
stopped,  and  then  increased  again.  The  voltage  at  the  instant 
the  leak  began  was  read  by  a  hot-wire  voltmeter,  connected 
across  the  low-tension  terminals  of  the  transformer.  The  speed 
was  read  by  a  carefully  calibrated  tachometer.  No  attempt  was 
made  in  these  experiments  to  determine  the  wave  shape,  this 
being  a  matter  of  some  difficulty  at  the  frequencies  in  question. 
In  the  neighborhood  of  600  cycles,  the  electroscope  began  to 
leak  at  about  80  volts,  at  1400  cvcles  at  73  volts  and  finally, 
at  2800  cycles,  at  37  volts.  The  decrease  in  voltage  between 
1400  and  2800  cycles  was  fairly  regular. 

It  seemed  highly  improbable  that  the  corona  voltage  actually 
experienced  as  great  a  change  as  was  indicated  by  the  above 
figures.  To  test  the  matter  further,  a  high-tension  electrostatic 
voltmeter  was  connected  across  the  high-tension  term^inals  of 
the  transformer. 
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It  was  found  that  the  corona  voltage  as  indicated  by  the  static 
voltmeter  remained  constant.  The  corona  tube  was  then  dis- 
connected from  the  transformer  and  at  various  frequencies  the 
voltage  was  adjusted  so  that  this  voltmeter  always  read  10  kilo- 
volts.  At  60  cycles  the  low-tension  voltage  was  82.5  volts,  and 
at  2750  cycles,  31  volts.  It  was  thus  seen  that  the  ratio  of 
transformation  of  this  transformer  was  over  two  and  one-half 
times  as  great  at  2750  cycles  as  it  was  at  60  cycles.  The  cause 
of  this  great  change  is  evidently  the  capacity  of  the  high-tension 
windings.  The  charging  current  taken  by  the  high-tension 
windings,  other  things  being  equal,  is  directly  proportional 
to  the  frequency.  The  reactance  of  these  same  windings  is  also 
directly  proportional  to  the  frequency.  Consequently  one 
would  expect  the  disturbing  effect  of  the  charging  current  on 
the  ratio  of  transformation  to  be,  roughly,  directly  proportional 
to  the  square  of  the  frequency. 

That  the  ciurent  taken  by  the  transformer  was  leading  was 
easily  shown.  An  electrodynamometer  connected  in  the  low- 
tension  side  indicated  5.5  amperes  at  2750  cycles — ten  times  the 
value  of  the  current  taken  at  60  cycles  for  the  same  high-tension 
voltage.  The  large  reactance  of  this  instrument  (22  ohms 
at  2750  cycles)  was  in  this  instance  of  great  advantage,  be- 
cause by  applying  the  three-voltmeter  method  to  the  dynamom- 
eter and  transformer  the  relative  power  factor  of  the  two  could 
be  at  once  determined.  The  power  factor  of  the  dynamometer 
alone  was  determined  by  series  connection  with  incandescent 
lamps  (assumed  non-inductive)  and  applying  the  same  method. 
It  was  found  that  the  current  taken  by  the  transformer  at  2750 
cycles  was  leading  the  voltage  by  about  60  degrees. 

For  further  study  of  this  disturbing  influence,  tests  were  made 
with  the  3000- watt  transformer  described  above.  The  high- 
tension  voltage  was  not  measured,  but  the  effect  of  different 
methods  of  connection  of  the  high-tension  coils  was  studied. 
All  the  experiments  were  conducted  at  about  2750  cycles.  A 
few  examples  of  the  results  may  prove  of  interest.  With  all  the 
high-tension  windings  in  series,  one  end  of  the  winding  connected 
to  ground  and  the  other  end  open,  the  transformer  took  3.1 
amperes  at  3.5  volts,  the  current  leading  the  voltage  by  about 
20  degrees.  With  the  high-tension  windings  connected  two  in 
series,  two  in  parallel,  the  same  point  being  earthed  as  formerly, 
the  transformer  took  4.0  amperes  at  33.5  volts,  the  current  lead- 
ing the  voltage  by  about  90  degrees.     In  both  cases  the  low- 
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tension  windings  were  in  series.  These  two  cases  are  fair  samples 
of  the  results  found  in  the  course  of  the  experiments,  and  indicate 
that  the  method  of  connecting  the  high-tension  windings  has 
a  pronounced  influence  on  the  readings  of  the  instruments  in  the 
primary  side  of  the  transformer. 

There  was  also  evidence  that  at  one  frequency  within  the 
range  studied,  the  transformer  was  in  resonance.  With  a  certain 
arrangement  of  the  high-tension  windings  and  running  at  2750 
cycles  the  switch  of  the  driving  motor  was  opened.  With 
the  resulting  decrease  of  speed  and  frequency,  the  voltage  ap- 
plied to  the  transformer  and  the  current  taken  by*  it  both  began 
to  increase  and  kept  on  increasing  until  it  was  necessary  to  open 
the  transformer  circuit  in  order  not  to  injiu^e  the  instruments. 
There  were  also  indications  that  the  principal  factor  in  these 
effects  was  the  capacity  between  winding  and  core  and  not  be- 
tween, successive  portions  of  the  winding.  It  was  found,  for 
example,  that  the  readings  on  the  low-tension  side  of  the  trans- 
former depended  only  upon  the  maximum  voltage  (from  ground) 
reached  in  the  high-tension  winding.  The  effect  produced  by 
connecting  all  the  coils  in  series  and  grounding  the  middle  point 
of  the  winding  was  the  same  as  that  produced  by  connecting 
the  windings  two  in  series  and  two  in  parallel  and  grounding 
one  end. 

It  appears  probable  from  the  results  of  this  paper  that  the  6  per 
cent  lowering  of  the  corona  voltage  in  going  from  20 16  100  cycles 
reported  in  the  second  of  this  series  of  papers  may  be  explained 
as  a  disturbance  due  to  the  capacity  in  the  transformer ;  all  meas- 
urements in  that   work  were   made  on  the  low-tension   side. 

Measurement  of  Maximum  Value  of  Voltage 

It  was  at  once  evident,  from  the  results  of  the  tests  described 
above,  that  the  measurements  of  corona  voltage  would  have 
to  be  made  on  the  high-tension  side  of  the  transformer.  This 
condition,  coupled  with  the  unreliability  of  the  oscillograph 
for  the  higher  frequencies,  made  it  impossible  to  obtain  complete 
knowledge  of  the  wave  shape,  except,  perhaps,  by  the  use  of 
the  cathode  ray  oscillograph.  It  is  possible,  however,  to  measure 
both  maximum  and  effective  values.  Obviously  the  former  is 
the  more  important,  and  probably  the  determining  factor  in  the 
formation  of  corona.  The  only  method  available  for  finding 
the  maximum  value  is  that  used   by  Chubb  and   Fortescue.* 

5.  Chubb  and  Foriescue,  Trans.  A.  I.  E.  !£..  Vol.  XXXII,  \9VA, 
P.  739. 
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among  others.  The  method  consists  essentially  in  applying  the 
voltage  to  be  investigated  to  a  condenser  and  measuring  the 
average  value  of  the  current  taken  by  the  condenser.  Let  V 
represent  the  maximum  value  attained  by  the  voltage,  C  the 
capacity  of  the  condenser  and  /  the  frequency.  The  time 
taken  by  the  voltage  in  passing  from  its  maximum  value  in  one 

direction,  to  its  maximum  in  the  other,  is  5-^.     In   this  time  the 

current  goes  from  zero  to  a  maximum  and  back  to  zero  again. 
Its  average  value  is  equal  to  the  total  charge  which  has  passed 
through  the  circuit,  divided  by  the  time  taken  for  the  charge  to 
pass.     In  S3rmbols: 


iat  =  -^|     idt=^^^  =  4fVC. 


1  c^ 

i„  =  —J—  I     idt  = 


2/   •  2/ 

T/  —       ^^ 

^-TfC  (1) 

In  order  to  measure  the  average  value  of  the  charging  current 
taken  by  the  condenser,  it  is  necessary  to  employ  a  measuring 
instrument  of  the  permanent  magnet  type  and  to  rectify  the  cur- 
rent before  it  passes  into  the  instrument,  or,  what  amounts  to 
the  same  thing,  to  allow  only  one-half  of  the  current  wave  to 
pass  through  the  instrument;  in  this  latter  case  the  reading  of  the 
instrument  must  be  multiplied  by  2  in  order  to  get  the  average 
value  of  the  current.  Chubb  and  Fortescue  made  use  of  a 
mechanical  device  in  order  to  have  only  one-half  of  the  current 
wave  pass  through  the  measiuing  instrument.  In  the  present 
work  the  use  of  a  mechanical  device  was  out  of  the  question  on 
account  of  the  high  frequencies  employed.  The  merctu^y  arc 
immediately  suggests  itself  as  a  non-mechanical  rectifier.  The 
rectifying  properties  of  the  mercury  arc  when  playing  between 
a  mercury  and  an  iron  electrode  are  well  known.  The  arc  per- 
mits current  to  flow  from  the  iron  electrode  to  the  mercury 
with  only  a  trifling  drop  of  voltage  in  the  arc;  no  current  can 
flow  in  the  opposite  direction  until  the  applied  voltage  has  risen 
so  high  as  to  cause  a  vacuum  discharge  to  pass  through  whatever 
gas  may  be  present.  The  mercury  arc,  moreover,  is  very  rapid 
in  action.     It  has  been  shown,  for  example,  that  the  arc  will 
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be  extinguished  if  the  current  supply  is  interrupted  for  as  much 
as  the  ten-millionth  part  of  a  second.  Thus  the  ionization  or 
conductivity  due  to  the  passage  of  the  current  dies  out  with 
enormous  rapidity. 

In  the  present  experiments  the  ciurent  taken  by  the  condenser 
could  not  itself  be  used  to  maintain  the  arc,  first,  on  account  of 
its  small  value,  and  second,  because  of  the  necessary  method  of 
connection  (see  Fig.  2).     As  a  consequence  the  cathode  had  to 
be  kept  active  by  an  arc  (maintained  by  direct  current)  playing 
between  the  cathode  and  an  auxiliary  mercury  anode.     The 
form  of  tube  which  was  adopted  after  considerable  exf>erimenting 
is  illustrated  in  Fig.  1.     The  tubes  were  made  from  German  soft 
glass  tubing  having  approximately  an  internal  diameter  of  1 
cm.  and  walls  1  mm.  thick.     The  iron  electrode  consisted  of 
about  6  cm.  of  No.  30  iron  wire  which  had  been  well  oxidized 
by  passing  through  the  flame 
of  a  blast  lamp.     The  object 
in  making  the  iron  electrode 
so  small  was  to  prevent  mer- 
cury from  condensing  on  it. 
In  an  earlier   form   of   tube 
the  iron  electrode  was  much 
larger,  with   the  result   that 
mercury    condensed    on    the 
electrode    and    dropped    off. 

This  last  action  interfered  seriously  with  the  proper  functioning 
of  the  tube,  as,  at  every  fall  of  a  drop,  an  arc  would  be  started, 
irrespective  of  the  direction  of  the  voltage  acting  across  the  gap. 
A  small  wire  assumes  the  temperature  of  the  surrounding  mer- 
cury vapor  much  more  quickly,  consequently  condensation  is 
much  reduced.  The  electrode  was  oxidized  in  order  to  prevent 
the  amalgamation  of  the  iron  and  the  condensed  mercury.  The 
presence  of  such  an  amalgamated  surface  seems  to  facilitate 
condensation  enormously.  The  tubes  were  exhausted  while 
running  until  the  pressure  of  the  residual  gas  was  less  than 
0.0001  mm. 

A  diagram  of  connections  is  shown  in  Fig.  2.  It  will  be  seen 
that  during  one  half  of  the  wave  the  charging  current  of  the 
condenser  passes  through  one  of  the  two  tubes,  and  during  the 
other  half,  through  the  other  tube.  A  direct-current  volt- 
meter was  used  as  a  current-measuring  instrument.  This  volt- 
meter was  in  circuit  with  one  of  the  tubes;  consequently,  in 


Fig.  1 

p.  platimum  wire;  I,  iron  wire;  M.  mercury; 
C.  cathode;  A.  anode. 
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order  to  get  the  average  value  of  the  current  its  reading  must 
be  multiplied  by  2.  The  voltmeter  gave  full  scale  deflection 
for  a  current  of  approximately  0.01  ampere.  The  1.5- volt 
scale  (resistance  approximately  156  ohms)  of  the  instrument 
was  used;  there  was  no  difference  in  reading,  however,  when 
the  150-volt  scale  was  used  instead.  The  instrument  gave 
the  same  reading, no  matter  with  which  tube  it  was  in  circuit; 
the  reading  was  also  unaffected  by  the  presence  of  a  similar 
instrument  in  series  with  the  other  tube.  Each  tube,  more- 
over, was  carefully  tested  for  the  degree  of  rectification.  When 
the  arc  was  playing  between  the  two  mercury  electrodes  a  240- 
volt  difference  of  potential  was  applied  between  the  mercury 
cathode  and  the  iron  electrode,  suitable  resistances  being  in 
the  circuit  for  protection.  When  the  iron  electrode  was  positive 
with  respect  to  the  mercury  cathode  there  was  passage  of  current 
and  the  drop  of  potential  across  the  tube  was  about  50  volts, 


lA  ,f?v_ 


■0- 


Fig.  2 

A,  voltmeter;  S,  special  generator;  K,  condenser;  M.  city  mainsrT,  corona  tube. 


independent  of  the  value  of  current.  When  the  iron  electrode 
was  negative  with  respect  to  the  mercury  cathode,  the  volt- 
meter showed  no  deflection  and  the  use  of  a  sensitive  galvanom- 
eter showed  that  the  current  flowing  was  not  greater  than 
the  five-millionth  part  of  an  ampere.  As  the  tubes  were  used 
to  rectify  currents  of  the  order  of  magnitude  of  0.01  ampere, 
the  rectification  was  thus  practically  perfect.  Finally,  the 
tubes  were  set  up  in  series  with  a  condenser,  as  shown  in  Fig.  2, 
and  tested  at  various  frequencies  from  45  to  75  cycles.  The 
assumption  was  made  that  in  this  range  of  frequencies  the  ratio 
of  transformation  remained  constant  and  that  the  wave  shape 
of  the  high-tension  e.m.f.  was  the  same  as  that  of  the  low- 
tension  e.m.f.  The  low- tension  wave  form  was  taken  from 
oscillograms.  The  values  of  the  maximum  high-tension  volt- 
age as  measured  directly  by  the  mercury  tubes,  and  as  cal- 
culated from  the  ratio  of  transformation  and  low-tension  read- 
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ings,  were  the  same,  within  the  probable  error  of  the  measure- 
ments. 

Measurement  of  Effective  Value  of  Voltage 

While  the  knowledge  of  the  maximum  value  of  the  voltage 
so  obtained  seemed  of  greatest  importance,  it  was  also  con- 
sidered desirable  to  determine  the  effective  value  so  as  to  obtain 
an  approximate  indication  of  the  wave  form,  and  ratio  of  trans- 
formation.    Concerning  minor  irregularities  on  the  wave  noth- 
ing, of  course,  can  be  said.     An  electrostatic  voltmeter  seemed 
to  be  the  most  suitable  instrument.     An  instrument  was  needed 
which  would  give  the  effective  value  of  the  voltage  to  ^  of  one 
per  cent  or  better,  and  which  at  the  same  time  could  be  easily 
damped.     These   requirements   suggested   a   Cr6mieu    electro- 
static-electrodynamic   balance.     The   principle   of   this   instru- 
ment is  as  follows:     The  voltage  to  be  meastired  is  applied 
to  two  disks,  one  of  which  is  mounted  at  the  end  of  one  arm  of 
a  balance  beam,  the  other  disk  being  fixed  and  in  proper  relation 
to  the  first.     The  attraction  between  these  disks  is  balanced 
by  the  repulsion  exerted  between  two  coils,  one  of  which  is 
fixed  at  the  other  end  of  the  balance  beam.     A  constant  direct 
current  from  some  suitable  source  is  passed  through  these  two 
coils,  which  are  in  series.     This  current  is  adjusted  until  the 
balance  is  in  equilibrium  in  the  same  position  that  it  occupies 
when  no  electric  or  magnetic  forces  are  acting.     The  moment 
of  the  electric  forces  about  the  knife  edge  varies  directly  as  the 
square  of  the  voltage  between  the  disks,  and  the  moment  of 
the  magnetic  forces  varies  directly  as  the  square  of  the  current 
flowing  in  the  coils.     Consequently  when  the  balance  is  brought 
into  the  proper  position  of  equilibrium  the  voltage  between 
the  disks  is  directly  proportional  to  the  current  flowing  in  the 
coils.     If,  as  in  the  present  case,  the  voltage  is  alternating, 
the  moment  is  proportional  to  the  average  square  of  the  voltage, 
which  is  by  definition  the  square  of  the  effective  value.     Hence 
the  effective  value  of  the  voltage  is  directly  proportional  to 
the  current  flowing  in  the  coils. 

The  authors  were  fortunate  in  having  available  a  balance 
beam  with  a  fine  agate  knife  edge,  and  the  usual  mounting. 
All  magnetic  material  had  been  carefully  excluded  from  the 
construction  of  the  balance  and  its  glass  case.  The  disks  were 
of  aluminum  and  were  10  cm.  in  diameter.  The  distance 
between  the  fixed  disk  and  the  moving  disk  was  3.2  cm.     The 
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moving  coil  consisted  of  50  turns  of  No.  18  copper  wire.  The 
fixed  coil  had  1200  turns  of  No.  18  wire.  The  current  was 
led  into  the  moving  balance  system  by  means  of  two  silver 
strips  each  0.0013  cm.  (0.0005  in.)  thick,  1  mm.  wide,  and  6  cm. 
long.  The  points  of  support  of  a  strip  were  4  cm.  apart,  so  that 
the  strip  had  a  very  considerable  sag.  These  silver  strips  would 
carry  about  3.5  amperes  before  burning  out.  The  largest 
current  they  were  ever  called  on  to  carry  was  about  1  ampere; 
with  this  value  of  the  cturent  the  heating  of  the  strips  was 
never  enough  to  cause  any  disturbance  of  the  balance  due  to 
air  currents.  The  strips  also  had  no  effect  on  the  sensibility 
of  the  balance,  nor  on  the  stability  of  the  zero  point.  In  using 
the  balance,  current  for  the  coils  was  taken  from  a  storage  bat- 
tery. When  the  voltage  applied  to  the  disks  was  steady,  read- 
ings could  be  repeated  to  within  \  of  one  per  cent.  When  the 
voltage  was  unsteady,  differences  as  great  as  one  per  cent 
frequently  occurred.  The  balance  was  standardized  at  low 
frequencies,  using  the  ratio  of  transformation  and  low-tension 
wave  form. 

Influence  of  Temperature  and  Pressure 

The  influences  of  pressure  and  of  temperature  upon  the 
corona  have  not  been  investigated  for  frequencies  above  the 
neighborhood  of  60  cycles.  While  it  does  not  appear  probable 
from  the  theory  of  ionization  by  collision  that  these  influences 
would  suffer  any  change  up  to  3000  cycles,  it  is  nevertheless 
a  matter  of  some  uncertainty.  Therefore,  in  order  to  determine 
the-  influence  of  frequency  alone,  it  was  necessary  to  make 
observations  over  the  whole  range  of  frequency  within  a  period 
of  time  during  which  the  pressure  and  temperature  remained 
reasonably  constant.  Three  hours  was  adopted  as  the  length 
of  such  a  period.  This  procedure  made  rather  small  the  number 
of  different  frequencies  at  which  it  was  possible  to  make  obser- 
vations, but  the  number  of  points  obtained  was  sufficient  to 
give  a  good  knowledge  of  the  variation  with  frequency.  In 
order  to  shorten  the  time  required  for  each  reading  only  the 
maximum  of  the  high-tension  voltage  wave  was  read  when 
making  observations  on  the  corona.  The  effective  values 
corresponding  to  the  maximum  voltages  used  were  determined 
after  the  corona  readings,  thus  greatly  facilitating  the  work, 
as  the  effective  values  of  all  the  different  voltages  used  over 
the  whole  range  of  frequencies  were  readily  determined  in  a 


962  WHITEHEAD  AND  GORTON:  [June 24 

day.  Referring  again  to  Fig.  2,  the  voltage  on  the  low- tension 
side  of  the  transformer  was  read  by  a  Hartmann  and  Braun 
hot-wire  voltmeter,  the  series  resistance  of  which  was  specially 
wound  to  avoid  change  in  resistance  with  frequency.  The 
speed  of  the  generator  was  read  by  a  carefully  calibrated  tacho- 
meter, accurate  within  i  to  1/10  of  one  per  cent,  depending  on  the 
part  of  the  scale  used. 

Calibration  of  Condensers 

The  condensers  used  were  of  the  Moscicki  type ;  the  dielectric 
was  glass  and  the  condensers  were  filled  with  oil  to  avoid  corona 
at  the  edges  of  the  metallic  coatings.  Each  condenser  had 
a  capacity  of  about  0.002  microfarad.  Now  the  range  of 
frequency  used  was  from  60  to  3000  cycles,  a  50-fold  increase. 
A  glance  at  equation  (1)  will  show  that  if  V  stays  approximately 
constant  over  this  range  (as  it  actually  does)  tap  will  be  pro- 
portional to  the  frequency  for  constant  capacity.  This  state 
of  affairs  would  mean  an  enormous  variation  of  the  accurac}* 
with  the  frequency.  In  order  to  avoid  such  a  condition  the 
capacity  must  be  varied  with  the  frequency  in  such  a  way  as 
to  keep  the  needle  of  the  current-measuring  instrument  in  a 
suitable  part  of  the  scale.  This  was  done  by  using  one  con- 
denser at  60  cycles,  seven  condensers  in  series  for  the  range 
from  300  to  600  cycles,  and  all  sixteen  condensers  in  series  for 
the  range  from  1500  to  3000  cycles.  Even  with  the  capacity 
reduced  as  much  as  possible  by  this  means,  it  was  impossible 
with  the  larger  sizes  of  wires  to  go  much  beyond  1500  cycles, 
because  the  rectified  current  became  larger  than  could  be  meas- 
ured by  the  voltmeter  employed;  the  use  of  a  shunted  instru- 
ment was,  of  course,  out  of  the  question. 

The  corona  voltage  at  60  cycles  has  been  often  observed; 
consequently  it  was  sufficient  in  the  present  work  to  determine 
how  the  corona  voltage  varied  with  frequency.  To  this  end 
only  the  relative  values  of  the  capacities  of  the  condensers  need 
be  known.  A  special  motor-driven  generator,  excited  by  a 
storage  battery,  furnished  alternating  current  at  about  45  cycles. 
The  voltage  was  measured  by  an  electrodynamometer-type 
voltmeter.  The  frequency  was  measured  by  a  Hartmann  and 
Braun  vibrating-reed  frequency  meter.  Condenser  No.  I  was 
put  in  position  in  the  connections  of  Fig.  2  and  the  low- tension 
voltage,  frequency,  and  rectified  current  read.  From  seven 
to  nine  observations  were   made  on  each  condenser.     Then. 
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keeping  the  frequency,  excitation,  and  all  other  conditions  the 
same.  No.  1  condenser  was  disconnected  and  No.  2  connected 
in  its  place;  then  No.  3,  and  so  on  for  all  sixteen  condensers. 
Since  the  condensers  were  of  approximately  the  same  capacity 
and  the  conditions  were  kept  constant,  the  maximum  value 
of  the  high-tension  voltage  was  directly  proportional  to  the 
effective  value  of  the  low-tension  voltage,  and  consequently 
the  value  of  low-tension  voltage  could  be  substituted  for  V  in 
the  formula 

tav 


c  = 


4/7 


in  order  to  find  the  comparative  values  of  the  capacities.  The 
capacity  of  condenser  No.  1  was  taken  as  the  unit.  The  ca- 
pacity of  the  condensers  when  connected  in  series  could  be 
calculated  by  the  usual  formula.  The  needle  of  the  direct- 
current  instrument  vibrated  with  the  frequency  of  the  rectified 
current,  the  amplitude  being  about  one-half  of  a  division;  on 
this  account  the  accuracy  of  the  reading  was  only  ^  per  cent. 
The  frequency  could  be  read  to  \  per  cent  and  the  alternating 
voltage  to  0.1  per  cent.  The  accuracy  of  any  one  reading  was 
consequently  about  0.7. per  cent.  Since  from  seven  to  nine 
readings  were  taken,  the  final  accuracy  attained  was  about 
0.3  per  cent.  Repeated  measurements  on  one  condenser  showed 
that  this  was  actually  the  order  of  accuracy  attained. 

Sizes  op  Wires  and  Tubes 

Two  sizes  of  corona  tubes  were  used  in  the  course  of  the  ex- 
periments, one  having  a  diameter  of  4.58  cm.  and  the  other  a 
diameter  of  6.35  cm.  The  diameters  of  the  wires  used  were  as 
follows:  0.317  cm.  (0.1249  in.),  0.234  cm.  (0.0924  in.),  0.194 
cm.  (0.0763  in.),  0.164  cm.  (0.0644  in.),  0.106  cm.  (0.0418  in.), 
0.089  cm.  (0.0350  in.).  All  of  these  sizes  were  of  brass,  except 
the  wire  0.194  cm.  in  diameter,  which  was  of  tool  steel.  The 
smaller  sizes  were  made  straight  by  heating  with  an  electric 
current  while  under  tension.  The  larger  sizes  were  rods  which 
needed  no  such  treatment.  Each  time  before  being  used  the 
wire  was  polished  with  the  very  finest  emery  paper  until  the 
latter  became  glazed  with  brass.  A  final  polish  was  given  with 
tissue  paper.  This  treatment  produced  a  very  good  polish. 
In  the  earlier  part  of  the  work  the  tube  was  left  open  at  the  ends; 
for  the  most  part,  however,  the  ends  were  closed  with  insula- 
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ting  caps.  No  difference  between  the  two  cases  could  be  de- 
tected. 

Accuracy  of  Observations 

The  rectified  ciirrent  could  be  read  to  0.1  per  cent  at  fre- 
quencies of  300  and  more,  the  needle  standing  without  vibration. 
The  speed  could  be  read  always  to  i  per  cent  and  generally 
still  more  closely.  The  capacity  of  the  condensers  had  been 
determined  to  0.3  per  cent.  Consequently  any  one  obsen'a- 
tion  of  the  maximum  voltage  at  300  cycles  and  over  was  accur- 
ate to  0.6  per  cent.  At  60  cycles  the  rectified  current  could 
be  read  to  i  per  cent,  the  frequency  (the  generator  was  not 
readily  accessible)  to  i  per  cent,  and  the  capacity,  as  before, 
was  determined  to  0.3  per  cent.  The  accuracy  was  conse- 
quently at  0.8  per  cent.  For  convenience,  the  current  re- 
quired to  deflect  the  direct-current  voltmeter  one  scale  division, 
and  the  capacity  of  condenser  No.  1,  were  chosen  as  units  of 

observation.  The  formula  for  the  maximum  voltage  then 
becomes 

^  =  */C  (2) 

k  being  a  constant  of  the  apparatus  And  E  the  reading  of  the 
voltmeter.  It  was  assumed,  on  the  basis  of  information  from 
the  Bureau  of  Standards,  that  the  capacity  of  the  Moscicki 
condenser  varies  only  a  fraction  of  one  per  cent  over  the  range 
of  frequency  investigated. 

The  Observations 

It  was  possible  in  the  three-hour  period  mentioned  above, 
to  make  one  or  sometimes  two  sets  of  observations  at  60  cycles, 
two  sets  in  the  neighborhood  of  600  cycles  and  several  sets 
between  1500  cycles  and  the  maximum  frequency  obtainable, 
as  limited  by  the  rated  speed  of  the  machine  or  more  often  by 
the  capacity  of  the  direct-current  instrument.  Each  set  of 
readings  consisted  of  from  five  to  twelve  observations  of  the 
corona  voltage.  As  a  general  thing,  repeated  sets  of  observa- 
tions agreed  very  closely,  that  is,  within  a  few  tenths  of  one 
per  cent,  but  sometimes  they  would  differ  by  as  much  as  2  per 
cent.  These  differences  could  not  be  accounted  for.  The 
constancy  of  the  corona  voltage  was  not  always  such  that  full 
advantage  could  be  taken  of  the  accuracy  of  the  method,  and 
apparent  constancy  of  conditions.     The  following  table  is  an 
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example  of  a  set  of  readings  in  which  the  agreement  was  very 
good: 


1 

,      D-C.  Instrument 

» — 
Low-tens,  voltage  of 

Speed  in  rev.  per 

1 
i 

trans. 

min. 

1             140.2 

102.3 

968 

1             140.5 

102.3 

968 

140.0 

102.0 

973 

!              140.0 

102.7 

968 

140.0 

102.1 

968 

140.0 

102.1 

130.6 

102.1 

969 

139.3 

101.5 

139.8 

102.1 

968 

The  following  table  is  an  example  of  a  rather  bad  set: 


D-C.  Instrument 

Low-tens,  voltage  of 

speed  in  rev.  per 

trans. 

min. 

89.0 

1050 

91.0 

Off  scale 

1038 

90.8 

1038 

91.0 

i.  €.,  over  130  volts. 

1038 

90.3 

1038 

90.9 

1038 

91.9 

1037 

The  results  for  the  tube  4.58  cm.  in  diameter  are  given  in 
Table  I,  and  those  for  the  6.35-cm.  tube  are  given  in  Table  II. 
The  voltages  given  were  calculated  by  means  of  formula  (2). 
These  results  are  plotted  in  Figs.  3  and  4  respectively.  In 
these  figures  the  points  of  each  set  are  connected  by  straight 
lines  in  order  to  make  interpretation  easier.  Each  point  rep- 
resents a  series  of  from  five  to  twelve  observations. 

Table  III  gives  the  values  of  effective  high-tension  voltages, 
ratio  of  transformation,  and  peak  factor,  that  is,  ratio  of  max- 
imum to  effective  high-tension  voltage,  for  various  voltages 
and  frequencies  over  the  entire  range  explored.  The  maximum 
values  are  those  observed  with  the  condenser  and  mercury-arc 
rectifier  apparatus  as  described.  The  peak  factor  at  60  cycles 
was  about  1.48.  The  range  of  peak  factors  obtained  in  the 
course  of  the  observations  consequently  is  from  1.66  to  1.27. 
The  wave  of  voltage,  therefore,  did  not  depart  greatly  from 
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TABLE  1 
Corona  Voltages  for  Wirbs  in  Tubs  4.58  cm.  in  Diamxtbr. 


Diam.  of 

Series 

Prequen- 

Voltage 

Diam.  of 

Series  of 

Prequen- 

Voltsce 

wire 

of 
obser- 

#*W     1*%      tf^W. 

observa- 
tions 

• 

Cy  lu  Cy" 

cles  per 

k 

wire 

cy  in  cy- 
cles per 

* 

vations 

second 

second 

0.317  cm. 

50.0 

1.242 

50.6 

0.904 

(0.1240  in.) 

1338 

1.101 

568 

o.sn 

1680 

1.202 

1 

576 
1376 
1418 

0.803 
0.805 
0.888 

50.2 

1.070 

558 

1.061 

1754 

0.885 

575 

1.063 

0.164  cm. 

2176 

0.884 

1 

1368 
1372 
1014 

1.048 
1.060 
1.042 

(0.0644  in.) 

2412 

0.880 

0.234  cm. 

58.0 

0.019 

(0.0024  in.) 

1048 

1.043 

587 
1378 
1306 

0.882 
0.886 
0.886 

58.5 

1.081 

2 

583 

1.030 

1730 

0.878 

1362 

1.037 

2110 

0.880 

2 

1370 
1826 
1068 

1.053 
1.037 
1.047 

2372 

0.875 

58.3 

0.028 

584 
1368 

0.880 
0.885 

58.0 

1.076 

3 

585 

1.040 

1674 

0.804 

1368 

1.038 

2054 

0.800 

3 

1672 
1070 

1.043 
1.041 

50.5 

0.758 

2076 

1.042 

1 

573 

575 

2640 

0.738 
0.738 
0.737 

50.5 

0.008 

1 

560 

1.060 

2650 

0.739 

2006 

0.076 

0.106  cm. 
(0.0418  in.) 

2822 

0.728 

58.8 

0.000 

50.1 

0.748 

566 

0.077 

508 

0.728 

2 

567 

0.073 

508 

0.729 

1336 

0.086 

2 

1416 

0.716 

0.194  cm. 

1884 

0.082 

2134 

0.725 

(0.07C3  in.) 

2008 

0.700 

(tool  steel) 

60.5 
500 
500 
1370 

0.005 
0.050 
0.051 
0.068 

2066 

0.700 

50.5 

0.689 

3 

1410 

0.063 

60.0 

0.683 

1602 

0.967 

1 

558 

0.686 

2058 

'  0.967 

0.089  cm. 

570 

0.680 

2122 

0.958 

(0.0350  in.) 

2822 

0.666 

50.4 

0.683 

573 

0.683 

2 

1406 

0.680 

2702 

o.6n 

u 
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sine  shape.    The  ratio  of  transformation  of  the  transformer 
reased  between  60  cycles  and  2958  cycles  by  about  30  per 

t. 

TABLE  II 
Corona  Voltages  for  Wirbs  in  Tubs  6.35  cm.  in  Diambtbr. 


un.  of 
wire 


317  cm. 
249  in.) 


234  cm. 
024  in.) 


Series  of 
observa- 
tions 


Frequency 

Voltage 

in  cy- 

cles per 

* 

second 

50.8 

1.370 

578 

1.313 

1294 

1.338 

1622 

1.313 

59.4 

1.362 

274 

1.402 

346 

1.373 

423 

1.361 

502 

1.366 

566 

1.360 

1298 

1.350 

1440 

1.350 

1638 

1.336 

58.3 

1.198 

585 

1.147 

1360 

1.148 

1684 

1.161 

58.9 

1.186 

284 

1.223 

316 

1.212 

354 

1.191 

467 

1.091 

529 

1.166 

566 

1.191 

570 

1.181 

1098 

1.166 

1460 

1.170 

1848 

1.151 

58.1 

1.175 

58.6 

1.191 

274 

1.191 

342 

1.197 

421 

1.164 

469 

1.122 

527 

1.159 

570 

1.174 

1392 

1.174 

Diam.  of 
wire 


0.164  cm. 
(0.0644  in.) 


Series  of 
observa- 
tions 


0.106  cm. 
(0.0418  in.) 


2a 

(without 
series    in- 
ductance 
in  low-ten- 
sion     cir- 
cuit.) 


2b 
(with 
series  in- 
ductance 
in    low- 
tension 
circuit.) 


Frequency 
in  cy- 
cles per 
second 


58.6 

585 

1372 

1740 

2102 


272 
274 
347 
473 
528 
584 


275 
346 
388 
423 
463 
528 
570 


58.7 
59.4 
594 
1388 
1766 
2134 
2644 


Voltage 


0.994 
0.955 
0.961 
0.952 
0.959 


1.031 
1.037 
1.031 
0.982 
1.016 
1.004 


1.039 
1.019 
0.996 
0.982 
1.010 
1.011 
1.019 


0.796 
0.795 
0.765 
0.776 
0.770 
0.775 
0.761 


Discussion 

deferring  to  Figs.  3  and  4,  it  will  be  noticed  that  there  is  a 
siderable  amount  of  irregularity  in  the  locations  of  the 
cessive    points    with    reference    to    smooth  curves.    This 
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TABLE  I 
Corona  Voltages  vor  Wires  in  Tube  4.58  cm.  in   Diambtxk. 


Diam.  of 

Series 

Frequen- 

Voltage 

Diam.  of 

Series  of 

Preqoen- 

Voltacc 

wire 

of 

cy  in  cy- 

wire 

observa- 

cyin cy- 

obser- 

cles per 

k 

tions 

cles  per 

k 

vations 

second 

second 

0.317  cm. 

59.0 

1.242 

59.6 

0.904 

(0.1249  in.) 

1338 

1.191 

568 

0.877 

1680 

1.202 

576 

0.893 

1 

1376 
1418 

0.895 
0.888 

59.2 

1.079 

558 

1.061 

1764 

0.885 

676 

1.063 

0.164  cm. 

2176 

0.884 

1 

1368 
1372 
1914 

1.048 
1.060 
1.042 

(0.0644  in.) 

2412 

O.880 

0.234  cm. 

58.9 

0.919 

(0.0924  in.) 

1948 

1.043 

587 

0.882 

1378 
1396 

0.886 
0.886 

58.5 

1.081 

2 

583 

1.039 

1730 

0.878 

1362 

1.037 

2110 

O.880 

2 

1370 
1826 
1968 

1.053 
1.037 
1.047 

2372 

0.875 

58.3 

0.928 

564 
1368 

0.880 
0.885 

58.0 

1.076 

3 

585 

1.040 

1674 

0.894 

1368 

1.038 

2054 

0.890 

3 

1672 
1970 

1.043 
1.041 

59.5 

0.758 

2076 

1.042 

1 

573 

575 

2640 

0.738 
0.738    i 
0.737    ' 

59.5 

0.998 

1 

569 

1.960 

2650 

0.739 

2006 

0.976 

0.106  cm. 

2822 

0.728    J 

(0.0418  in.) 

58.8 

0.999 

59.1 

0.748 

566 

0.977 

598 

0.728 

2 

567 

0.973 

598 

0.729    j 

1336 

0.986 

2 

1416 

0.716 

0.194  cm. 

1884 

0.982 

2134 

0.725    i 

(0.0763  in.) 

2908 

O.70O 

(tool  steel) 

60.5 
590 
590 
1370 

0.995 
0.950 
0.951 
0.968 

2966 

0.700 

59.5 

0.689 

3 

1410 

0.963 

60.0 

0.683 

1692 

0.967 

1 

558 

0.686    , 

2058 

•  0.967 

0.089  cm. 

570 

0.680 

2122 

0.958 

(0.0350  in.) 

2822 

0.666    1 

59.4 

0  683 

573 

0.683 

2 

1406 

0.680 

2792 

o.6n 
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the  sine  shape.  The  ratio  of  transformation  of  the  transformer 
increased  between  60  cycles  and  2958  cycles  by  about  30  per 
cent. 

TABLE  II 
Corona  Voltages  for  Wirbs  in  Tubs  6.35  cm.  in  Diambtbr. 


Diam.  of 
wire 


0.317  cm. 
(0.1240  in.) 


0.234  cm. 
(0.0024  in.) 


Series  of 
observa- 
tions 


Frequency 

Voltage 

in  cy- 

cles per 

* 

second 

50.8 

1.370 

578 

1.313 

1204 

1.338 

1622 

1.313 

50.4 

1.362 

274 

1.402 

346 

1.373 

423 

1.361 

502 

1.366 

566 

1.360 

1208 

1.350 

1440 

1.350 

1638 

1.336 

58.3 

1.108 

585 

1.147 

1360 

1.148 

1684 

1.161 

58.0 

1.186 

284 

1.223 

316 

1.212 

354 

1.101 

467 

1.001 

520 

1.166 

566 

1.101 

570 

1.181 

1008 

1.166 

1460 

1.170 

1848 

1.151 

58.1 

1.175 

58.6 

1.101 

274 

1.101 

342 

1.107 

421 

1.164 

460 

1.122 

527 

1.150 

570 

1.174 

1302 

1.174 

Diam.  of 
wire 


0.164  cm. 
(0.0644  in.) 


Series  of 
observa- 
tions 


2a 

(without 
series    in- 

ductance 
in  low-ten- 
sion     cir- 
cuit.) 


2b 
(with 
series  in- 
ductance 
in    low- 
tenmon 
circuit.) 


0.106  cm. 
(0.0418  in.) 


Frequency 
in  cy- 
cles per 
second 


58.6 

585 

1372 

1740 

2102 


272 
274 
347 
473 
528 
584 


275 
346 
388 
423 
463 
528 
570 


58.7 
50.4 
504 

1388 

1766 

2134 

2644 


Voltage 


0.004 
0.055 
0.061 
0.052 
0.050 


1.031 
1.037 
1.031 
0.082 
1.016 
1.004 


1.030 
1.010 
0.006 
0.082 
1.010 
1.011 
1.010 


0.706 
0.705 
0.765 
0.776 
0.770 
0.775 
0.761 


Discussion 

Referring  to  Figs.  3  and  4,  it  will  be  noticed  that  there  is  a 
considerable  amount  of  irregularity  in  the  locations  of  the 
successive    points    with    reference    to    smooth  curves.    This 
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It  will  be  noticed  that  the  points  showing  most  serious  de- 
parture from  a  regular  curve  are  those  for  frequencies  within  the 
range  300  to  600  cycles.     The  observations  in  this  range  have 
caused  much  trouble,  and  for  this  reason  the  curves  have  been 
drawn  in  dotted  lines,  in  dicating  uncertainty  as  to  the  observations. 
As  nearly  as  could  be  determined,  there  was  a  tendency  for  the 
maximum  corona  voltage  to  take  a  sharp  dip  in  passing  through 
this  range.     There  were,  however,  several  accompanying  con- 
ditions of  experiment  which  may  well  account  for  the  irregular 
results.     For  example,  the  connection  of  the  high-tension  winding 
of  the  transformer  had  to  be  altered  in  this  range  in  order  to 
make  the  necessary  change  in  the  corona  voltage.     Attention 
has  already  been  drawn  to  the  influence  of  this  change  on  the 
charging  current  of  the  windings.     It  will  be  seen  from  Table 
III  that  there  is  evidence  of  a  difference  in  the  high-tension  wave 
form  for  the  series  connection  and  the  parallel  connection  of  the 
two  halves  of  the  high-tension  winding.     Further,  at  about  425 
cycles,  and  within  a  certain  range  of  field  excitation  of  the  gen- 
erator, there  was  a  pronounced  evidence  of  resonance  in  the  high- 
tension  circuit.     On  the  smallest  possible  change  in  the  field 
current  of  the  generator,  the  reading  of  the  d-c.  instrument,  in- 
dicating the  maximum  voltage,  increased  sharply  from  35  to 
80.     Observations  taken  at  this  frequency  on  a  larger  wire  and 
for  values  of  voltage  above  the  unstable  region,   showed  no 
unusual  conditions  other  than  a  slight  irregularity  of  voltage 
which  was  readily  damped  out  by   series  inductance   in  the 
low-tension  circuit. 

Still  further  evidence  of  abnormal  conditions  in  the  range  from 
300  to  600  cycles  was  found  in  the  different  results  obtained  in 
the  series  and  parallel  connections  of  the  high-tension  winding. 
Between  270  and  425  cycles,  with  the  series  connection,  a  spark 
would  pass  between  wire  and  outer  tube  at  a  voltage  only  about 
\  that  required  to  produce  corona  when  the  high-tension  winding 
was  connected  in  parallel.  The  same  phenomenon  was  ob- 
served in  the  range  450  to  600  cycles,  with  the  exception  that 
the  parallel  connection  gave  the  spark  at  low  voltage.  This 
spark  was  intermittent,  apparently  localized,  and  very  different 
from  the  usual  uniform  corona.  The  impression  made  was  that 
there  was  a  series  of  short  impulses  of  abnormally  high  voltage. 

While  it  is  evident,  therefore,  that  there  were  a  number  of 
abnormal  conditions  surrounding  the  observations  in  the  region 
300  to  600  cycles,  there  is  no  obvious  reason  why,  if  the  conditions 
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were  steady,  the  maximum  value  of  voltage  could  not  have  been 
picked  out  by  the  mercury  arc  peak  voltmeter.  There  is  every 
indication  that  the  mercury  arc  is  instantaneous  in  action. 
Nevertheless,  there  seems  to  be  no  other  conclusion  than  that 
the  conditions  of  resonance  described  above,  introduced  very 
brief  voltage  impulses  of  high  value  which  the  mercury  arc  and 
condensers  did  not  pick  out.  Considerable  variation  was  ob- 
tained in  the  wave  form  by  connecting  the  armatures  of  the 
two  generators  in  series,  thus  obtaining  a  pronoimced  fifth 
harmonic.  There  was  no  resulting  variation  of  the  corona  volt- 
age; such  variation,  however,  could  hardly  be  expected  unless 
the  frequencies  were  far  higher  than  3000   cycles. 

The  corona  from  1500  cycles  upward  appears  also  to  differ 
qualitatively  from  that  at  lower  frequencies.  It  is  a  common 
observation  at  60  cycles  that  the  gold-leaf  of  the  electroscope 
descends  in  a  jerky  fashion  when  corona  voltage  is  reached.  The 
time  taken  for  complete  discharge  is  about  30  seconds.  This  has 
been  attributed  to  the  exact  constancy  of  the  corona  voltage 
and  the  usual  slight  variation  of  the  impressed  voltage.  From 
300  to  600  cycles  the  electroscope  discharged  quickly  but  steadily, 
the  time  for  discharge  being  one  or  two  seconds.  From  1500 
to  3000  cycles  the  electroscope  discharged  in  a  very  small  fraction 
of  a  second,  the  gold-leaf  descending  practically  instantaneously. 
There  is  absolutely  no  indication  of  leak  before  any  of  these 
observations. 

A  further  interesting  phenomenon  at  the  higher  frequencies 
was  the  vibration  of  the  wire  in  the  case  of  the  open  tube,  when 
the  points  of  suspension  were  some  distance  beyond  the  ends. 
At  1500  cycles  the  presence  of  corona  caused  the  wire  to  vibrate 
greatly.  There  was  no  vibration  before  the  appearance  of  the 
corona.  The  tension  on  the  wire  was  altered  through  a  wide 
range,  but  the  vibration  persisted  unchanged.  There  is  ap- 
parently, therefore,  no  connection  between  the  frequency  of 
the  voltage  and  the  natural  period  of  vibration  of  the  stretched 
wire.  At  60  cycles  the  wire  remained  perfectly  steady,  even 
when  surrounded  by  a  strong  corona.  These  vibrations,  there- 
fore, are  apparently  forced  vibrations  due  to  some  property  of 
the  corona. 

In  considering  the  possible  influence  of  the  frequency  on  the  ap- 
pearance of  corona  in  terms  of  the  theory  of  secondary  ionization 
or  ionization  by  collision,  there  are  three  possible  ways  in  which 
this  influence  might  act :  (1)  The  conditions  of  stable  equilibrium 
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of  the  systems  of  vibrating  electrons  within  the  atom  of  the 
gas  would  be  affected  in  different  degrees  by  periodic  electric 
forces  of  different  frequencies.  (2)  With  increasing  frequencies, 
the  time  during  which  a  single  free  moving  electron  is  acted 
on  by  the  electric  force  in  one  direction  would  be  less;  conse- 
quently the  velocity  acqtiired  and  energy  available  for  ionization 
by  collision  would  be  less.  (3)  It  has  been  suggested  that 
the  corona  occurs  when  the  density  of  ionization  in  the  gas 
at  the  surface  of  the  wire  reaches  a  certain  value.  This  in- 
crease in  density  results  from  the  passage  inward  of  electrons 
from  a  distance.  As  they  move  in  they  create  more  ions  by- 
collision.  More  ions  are  created  on  the  inward  path  than 
^  are  lost  by  recombination  during  the  reverse  half  of  the 
alternating  cycle.  At  higher  frequencies  the  rate  at  which  the 
ions  would  reach  the  wire  would  probably  be  lowered,  thus  de- 
manding a  higher  voltage  for  the  appearance  of  corona. 

Of  these  three  possible  methods  of  explanation  the  first  two  are 
apparently  untenable,  certainly  for  the  range  of  frequencies 
investigated  in  these  experiments,  by  reason  of  the  fact  that  the 
periods  of  vibration  within  the  atom  and  the  time  during  which 
an  electron  passes  from  one  collision  to  another,  are  infinites- 
imally  small,  compared  with  the  time  of  reversal  of  the  electric 
force  at  the  frequencies  investigated. 

The  experiments  were  carried  out  in  the  Physical  Laborator}' 
of  the  Johns  Hopkins  University.  The  authors  wish  to  acknowl- 
edge the  valuable  assistance  of  Professor  A.  H.  Pfund,  in  con- 
nection with  the  mercury  lamps,  and  of  Mr.  M.  W.  PuUen  at 
various  times  throughout  the  work. 

Summary 

The  most  important  results  of  the  work  are  as  follows: 

(1)  The  corona  voltage  at  2000  cycles  is  lower  by  3  or  4  per  cent 
than  it  is  at  60  cycles. 

(2)  The  corona  in  the  ran^c  300  to  3000  cycles  has  a  number 
of  qualitative  differences  from  that  at  60  cycles. 

(3)  Convenient  methods  for  measuring  high-tension  maximum 
and  effective  voltag<3S  at  frequencies  up  to  3000  cycles  have  been 
devised. 

(4)  An  instance  of  resonance  due  to  the  capacity  of  the  high- 
tension  windings  of  a  transformer  is  recorded. 


Presented  at  the  31st  Annual  Convention  of 
the  American  Institute  of  Electrical  Engineers, 
Detroit,  Mich.,  June  24,  1014.  under  the  auS' 
pices  of  the  Electfophysics  Committee. 
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SPHERE  GAP  DISCHARGE  VOLTAGES  AT  HIGH 

FREQUENCIES 


BY  J.   CAMERON   CLARK  AND  HARRIS  J.   RYAN 


Abstract  of  Paper 


The  paper  describes  a  series  of  experiments  made  by  the 
authors  to  determine  the  values  of  steady  high-frequency, 
high-voltage  currents  required  to  discharge  between  seven- 
inch  copper  spheres  in  air,  at  ordinary  temperatures  and  baro- 
metric pressures.  A  15-kw.  arc  generator  was  used  as  the  source 
of  high-frequency  sustained  high  voltage,  and  the  apparatus 
employed  m  securing  and  measuring  currents  of  123,000, 
255,0()0  and  612,500  cycles  is  described  in  detail. 

The  sphere-gap  standard  consisted  of  electrolytic  copper 
spheres  mounted  on  the  ends  of  brass  tubes  in  treated  wooaen 
frames,  and  the  gap  lengths  were  accurately  determined  by  means 
of  calipers  and  micrometer  screw  or  steel  scale. 

The  results  obtained  are  given  in  Tables  II  and  III  and 
are  also  charted  in  curves  I  and  II,  Fig.  6.  The  123,000-cycle 
values  show  a  right-line  relation  between  sphere  gaps  and 
discharge  voltage,  which  line,  when  extended,  passes  through 
the  origin.  The  high-frequencv  voltages  are  almost  uniformly 
4.5  kv.  below  the  25-cycle  voltages  observed  by  Chubb  and 
Fortescue. 

Introduction 

THE  predatory  character  of  high-frequency  currents  due 
to  accidental  causes  on  transmission  lines  is  now  generally 
recognized,  especially  with  reference  to  insulation.  The  modem 
high-power  radiotelegraph  has  encountered  occasional  diflS- 
culty  in  the  maintenance  of  insulation  that  is  also  stressed  with 
high-frequency  high  voltage.  These  facts  have  emphasized 
the  need  of  more  quantitative  knowledge  of  high-frequency 
phenomena.  To  obtain  this  knowledge  many  laboratory 
studies  and  measiu'ements  will  have  to  be  made  to  provide 
more  conclusive  data  and  trained  mental  equipments  required 
to  interpret  causes  of  insulation  failure  and  to  eliminate  them. 
To  aid  in  these  matters  we  have  undertaken  to  determine 
the  values  of  steady  high-frequency  high  voltages  required  to 
discharge  between  seven-inch  (17.7-cm.)  copper  spheres,  in  air, 
at  ordinary  temperatures  and  barometric  pressxires. 
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HlGH-FREgUENCY  SUSTAINED  HlGH-VoLTACB  SOURCB 

A  15-kw.  Poul sen-Federal  arc  generator  was  used.  See 
Fig.  1.  The  arc  is  drawn  in  a  powerful  magnetic  field  and 
surrounded  by  water-cooled  illuimnating  gas.  A  slowly-rotat- 
ing carbon  rod  forms  the  cathode,  and  a  water-cooled  bronze 
lug  forms  the  anode.  The  characteristics  of  this  particular 
arc  have  not  as  yet  been  fully  determined.  At  17.6  amperes 
direct  current  through  the  arc  and  12.5  amperes  alternating 
current  at  123,000  cycles  per  second  in  the  oscillating  circmt, 
the  arc  is  stable  at  1200  continuous  volts.  Under  these  con- 
ditions the  resistance  ballast  at  R  is  all  cut  out,  and  the  power 


Fig.  1 


consumed  in  the  oscillating  circuit  is  chiefly  that  lost  in  the  car- 
borundum safety  resistance  rods,  SR,  in  series  with  the  sphere 
gap.  This  power  amounts  to  about  one  kw.  There  are  two 
of  these  rods,  each  8J  in.  (222.25  mm.)  long  and  J  in.  (19.05 
mm.)  in  diameter.  The  charging  current  taken  by  the  seven- 
inch  (17.7-cra.)  spheres  at  123,000  cycles  is  sufficient  to  main- 
tain the  rods  at  a  bright  cherry-red  temperature. 

The  insulation  of  the  field  coils  of  the  arc  generator  must  be 
extra  heavy,  as  the  duty  put  upon  it  is  severe.  The  outer 
terminals  of  the  coils  arc  connected  to  the  anode  and  cathode 
of  the  arc.  Correspondingly,  the  inner  terminals  are  connected 
to  the  inductances  that  protect   the  direct-current   generator 
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from  *'  static  ".  Adjustable  static  arrester  gaps  shunt  these 
field  coils  to  short-circuit  the  "  kick  "  of  the  field  when  the  arc 
breaks.  The  arc  will  break  occasionally,  stopping  the  current 
through  the  field  coils  with  suddenness.  The  discharge  from 
these  field  coils  will  puncture  their  own  insulation  and  that  of 
the  direct-current  generators  if  such  inductances  and  dischargers 
are  not  used.  For  greater  safety  in  this  regard,  a  series  of  carbon- 
filament  incandescent  lamps  connects  across  the  terminals  of 
the  generator.  The  middle  of  the  series  is  grounded.  Two 
7.5-kw.,  600-volt  direct-current  generators  furnish  current  to 
the  arc-generator.  They  are  connected  in  series,  with  their 
mid-connection  grounded.  The  first  machine  is  separately 
excited  from  a  125-volt  source.  The  600-volt  field  of  the  second 
generator  is  excited  with  current  taken  from  the  armature  of 
the  first  generator.  Thus  a  rheostat  in  the  field  of  the  first 
generator  controls  the  total  direct-current  supply  voltage. 
This  rheostat  is  mounted  so  that  one  can  conveniently  use  it 
to  adjust  the  direct-current  supply  voltage  when  he  is  starting 
the  arc  generator  or  adjusting  its  action. 

The  arc  generator  equipment  includes  one  50-ampere,  direct- 
current  ammeter  showing  the  average  direct  current  drawn  from 
the  continuous-current  supply  generators;  one  30-ampere 
Hartmann  and  Braun  '*  hot-band  *'  ammeter  measuring  the  high- 
frequency  amperes  circulating  in  the  oscillating  circuit;  one 
voltmeter  for  reading  the  continuous-current  supply  voltage; 
and  a  high-frequency  voltage  gage  connected  across  the  arc 
to  enable  one  to  know  the  voltage  duty  demanded  of  the  arc 
to  set  up  a  given  current  in  the  oscillating  circuit.  The  last 
instrument  is  easily  made  by  connecting  a  one-ampere  hot- 
wire ammeter  in  series  with  two  pairs  of  common  tin  sheets  at 
i  in.  (12.7  mm.)  separation,  functioning  as  a  condenser,  and 
connected  across  the  arc.  The  charging  current  taken  by  such 
a  condenser,  as  indicated  by  the  hot-wire  ammeter,  is  roughly 
proportional  to  the  high-frequency  voltage  duty  demanded  of 
the  arc.  Such  voltage  is  decidedly  of  irregtdar  wave  form,  so 
that  this  instrument  functions  simply  as  a  voltage  gage. 

The  inductance  in  the  oscillating  circuit  is  made  up  of  ap- 
proximately 2000  ft.  (609.6  m.)  of  J-in.  (6.3-mm.)  soft  copper 
tubing,  forming  six  helices  of  25  turns  each .  Each  helix  is  mount- 
ed on  six  hard-rubber  rods.  The  helices  have  graded  di- 
ameters so  that  they  may  be  telescoped  to  form  one  six-helix 
inductance  or  a  pair  of  inductances  of  three  helices  each.     The 


976  CLARK  AND  RYAN:  (June  24 

travel  of  the  turns  is  the  same  for  all  helices, — an  important 
matter  when  these  large  inductances  are  to  be  formed  by  tele- 
scoping. When  the  travels  are  not  the  same,  i.^.,  when  they 
reverse  from  layer  to  layer  as  in  the  ordinary  solenoid,  the 
distributed  capacity  of  the  inductance  is  broken  into  chunks, 
causing  turbulent  interference  with  the  growth  of  the  oscillat- 
ing current.  In  a  nest  of  helices  the  circuit  leads  through 
the  first  from  the  bottom  turn  to  the  top  turn,  thence  down- 
ward to  the  bottom  turn  of  the  next  helix,  then  out  at  the  top, 
and  again  in  at  the  bottom  of  the  next,  and  so  on  through  the 
whole  set.  Oscillating  currents  are  easily  driven  through  in- 
ductances of  this  sort  when  connected  in  series  with  suitable 
condensers.  Even  with  this  favorable  construction  the  helices 
may  not  be  nested  in  a  single  set  because  the  duty  demanded 
of  the  arc  will  easily  exceed  its  voltage  capacity  before  a  fair 
value  of  high-frequency  current  has  been  set  up.  It  is  neces- 
sary to  mount  the  helices  in  two  sets,  preferably  of  equal  in- 
ductances. Then,  when  a  single  condenser  is  connected  sym- 
metrically between  the  two  inductances,  and  in  series  there- 
with, the  phase  displacements  that  the  oscillating  currents 
encounter  with  respect  to  the  arc  are  opposed  and  balanced. 
The  high-frequency  voltage  duty  demanded  of  the  arc  is  cor- 
respondingly light.  Without  resorting  to  delicate  balancing, 
50,000  volts  and  12.5  amperes  at  a  frequency  of  123,000  cycles 
per  second  may  be  developed  in  this  apparatus.  With  greater 
care  in  balancing  than  we  have  so  far  employed,  higher  oscil- 
lating voltages  can  doubtless  be  developed. 

The  main  condenser  in  the  oscillating  circuit  is  made  up  as 
shown  at  C  in  the  diagram  of  the  complete  outfit  given  in  Fig.  1. 
Each  electrode  is  formed  of  cylinders  of  galvanized  sheet  iron 
seven  ft.  (2.1  m.)  long  and  five  in.  (127  mm.)  in  diameter,  equip- 
ped with  hemispherical  ends.  They  are  also  equipped  vvith 
hooks  and  eyes  so  that  chains  of  parallel  cylinders  may  thus 
be  formed.  The  capacity  can  be  increased  or  decreased  by 
attaching  and  detaching  one  or  more  of  these  cylinders  from 
each  of  the  two  electrode  chains.  This  feature  enables  the 
capacity  in  the  oscillating  circuit,  and  therefore  the  frequency, 
to  be  varied  over  wide  limits.  At  present  this  main  condenser 
is  equipped  with  a  chain  of  four  cylinders  at  each  electrode. 
The  chains  hang  in  a  vertical  ])lane  between  a  pair  of  neutral 
plates  forming  a  hood  about  the  capacity  cylinders,  as  shown 
in  Fig.  I.     The  frames  of  these  plates  are  made  of  common 
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galvanized  iron  pipe,  f  in.  (19.05  mm.)  internal  diameter;  the 
bodies  of  the  plates  are  constructed  of  galvanized  iron,  23-mil 
sheets.  The  plates  are  tied  together  with  a  conductor.  They 
are  insulated  from  ground  for  a  small  portion  of  the  total  oscil- 
lating voltage,  for  unless  special  care  is  taken  there  is  some 
unbalancing  that  sets  up  a  potential  between  the  plates  and 
ground.  The  illustrations.  Figs.  2,  3  and  4,  give  an  idea  of  the 
actual  manner  in  which  the  above  parts  of  the  generating  equip- 
ment are  formed  and  arranged.  To  the  capacity  of  the  main 
condenser  there  is  necessarily  added  the  capacity  of  the  con- 
centric-cylinder voltmeter  condenser,  Fi  Fj,  to  be  considered 
later. 

In  the  final  stage  of  the  present  undertaking,  the  nimiber 
of  helices  was  doubled  by  placing  the  six  copper  tubular  helices 
in  one  nest  and  by  the  addition  of  a  set  of  six  helices  of  the 
same  size,  in  which  the  conductor  used  is  a  **  flat  magnet  wire  '* 
0.34  by  0.04  in.  (8.6  by  1  mm.)  in  section.  The  latter  set  was 
made  up,  primarily,  to  serve  as  a  protective  inductance  at  the 
main  terminal  of  a  low-frequency  high-voltage  series  of  trans- 
formers, the  other  main  terminal  being  grounded.  However, 
by  giving  the  helices  of  this  set  proper  dimensions  they  could 
be  used  along  with  the  regular  set  for  the  generation  and  measure- 
ment of  higher  voltages  at  lower  frequencies  in  the  standard- 
ization of  the  sphere-gap  voltmeter.  When  using  the  largest 
capacity  and  self-induction  that  the  equipment  thus  provides, 
12.5  amperes  at  100,000  volts  and  85,000  cycles  per  second  are 
produced  in  the  oscillating  circuit.  Correspondingly,  whien  the 
capacity  is  reduced  to  the  lowest  practicable  limit,  viz.,  that  of 
the  voltmeter  condenser,  and  the  self-induction  is  limited  to 
that  of  the  pair  of  small  innermost  helices,  8.1  amperes  and 
13,000  volts  at  612,500  cycles  are  produced. 

The  carborundum  protective  resistance  in  series  with  the 
sphere-gap  voltmeter  could  not  be  used  at  frequencies  much 
above  123,000  cycles.  This  is  due  to  the  magnitude  of  the  charg- 
ing currents  inevitably  taken  by  the  spheres  and  their  connec- 
tions, which  cause  excessive  losses  in  resistances  proportioned 
so  as  to  limit  properly  the  1200-volt  direct  power-current  that 
follows  a  discharge  across  the  gap.  At  higher  frequencies  a 
fine- wire  fuse,  guarded  to  prevent  corona,  was  used  to  limit 
the  injury  produced  by  the  power  currents.  The  capacity  of 
the  fuse  must  necessarily  be  large  enough  to  carry  the  charg- 
ing currents  taken  by  the  spheres  and  their  connections.     On 
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this  account  such  fuse  capacity  cannot  be  made  small  enough 
entirely  to  prevent  injury  to  the  spheres.  To  overcome  this 
difficulty  in  the  later  stages  of  the  work,  when  frequencies  higher 
than  123,000  cycles  were  used,  the  Fortescue-Chubb-Fams- 
worth  mounting  for  the  spheres  had  to  be  slightly  modified. 
The  brass  rods  supporting  the  seven-in.  (17.7-cm.)  spheres 
were  terminated  in  shallow  cups  with  inside  stufaces  fitting  them. 
The  spheres  were  then  mounted  upon  these  cups,  being  held  in 
place  by  thin  sheet  brass  halters  and  rubber  bands.  These 
changes  in  the  sphere  gap  standard  do  not  appear  to  be  of 
material  consequence  as  affecting  its  integrity  for  the  present 
class  of  measurements,  while  they  permit  the  spheres  to  be 
rotated  when  their  adjacent  surfaces  have  been  injured  so  as  to 
bring  into  use  new  and  uninjured  surfaces.  By  this  means  the 
reliable  useful  life  of  the  spheres  is  prolonged  to  such  an  extent 
that  their  renewal  cost  becomes  nominal. 

High-Frequency  Meter 

In  the  present  undertaking  a  reliable  frequency  or  wave 
meter  is  of  prime  importance.  The  frequency  meter  employed 
was  made  by  connecting  an  inductance  standard  in  series  with 
a  variable  condenser  of  reliable  make  and  of  a  type  commonly 
employed  in  radio  work.  Three  entirely  independent  methods 
were  employed  for  standardizing  this  meter. 

I.  By  Calculation:  In  this  method  the  value  of  the  in- 
ductance was  calculated.  The  conductor  used  in  its  construc- 
tion was  enamel-insulated  litzen  draht,  silk-jacketed.  When 
constructed,  the  dimensions  were  obtained  with  some  *care. 
Perry's  formula^  and  Doggett^s  method^  were  used  to  calctdate 
independent  values  of  the  inductance.  The  results  obtained 
were  879.0  and  882.5  microhenrys.  The  variable  condenser 
was  compared  with  a  standardized  condenser  of  the  Federal 
Telegraph  Company.  It  was  also  compared  with  an  air-core 
standard  formed  of  two  concentric  brass  tubes.  The  scale  of 
the  condenser  was  found  to  be  true  and  linear.  Its  total  ca- 
pacity at  the  180-deg.  setting  compared  with  the  Federal  stand- 
ard was  found  to  be  0.00405  microfarad  and  with  the  brass  tube 
standard  0.00407  microfarad. 

1.  Perry's  Approximate  Self-Inductance  Formula.  Bulletin,  Bureau 
of  Standards.      Vol.  8,  No.  1,  p.  1303.     Jan.  1.  1912. 

2.  Leonard  A.  Doggett.  The  Inductance  of  Air-Cored  Solenoids. 
Electrical  World,  Vol.  63,  p.  259,  January  31,  1914. 
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II.  By  Direct  Measurement  y  as  follows:  At  a  definite  setting 
of  the  wave  meter  the  ciuTent  through  and  the  voltage  across 
the  terminals  of  the  meter  condenser  were  read.  A  one-ampere 
Hartmann  and  Braun  hot-band  ammeter  was  used  for  the 
current  and  a  Kelvin  multicellular  electrostatic  voltmeter  for 
the  voltage.  The  latter  instrument  is  essentially  an  air-core 
condenser.  Its  capacity  could  be  determined  conveniently 
and  accurately  by  noting  the  change  in  the  frequency  meter 
reading  that  was  caused  by  its  presence.  An  exact  correction 
on  its  account  could  therefore  be  made.  The  frequency  was 
then  calculated  from  the  simple  and  well-known  relation  of 
voltage,  current  and  capacity.  This  value  was  found  to  be 
123,000  cycles  to  check  with  122,500  cycles  obtained  by  method  L 

III.  The  wave  meter  was  then  taken  to  the  factory  of  the 
Federal  Telegraph  Company  in  Palo  Alto.  There,  through  the 
courtesy  of  Mr.  Ralph  Beal,  it  was  comparqd  with  the  wave 
meter  that  had  been  standardized  by  the  Btireau  of  Standards. 
The  two  wave  meters  were  found  to  be  in  close  agreement, 
differing  only  by  l  per  cent. 

For  higher  frequencies  the  wave  meter  was  recalibrated  by 
method  II  to  eliminate  errors  that  appear  due  to  the  internal 
capacity  of  the  wave  meter  inductance. 

High-Frequency  High-Voltage  Meters 

The  high  voltages  generated  in  the  main  condenser,  C,  Fig.  1, 
of  the  oscillating  circuit,  contain  pure  sine  waves  of  a  single 
frequency  only.  The  rough  pulsating  voltages  of  the  generator 
arc  are  completely  absorbed  by  the  main  inductances,  LiL2,in 
the  oscillating  circuit.  A  reliable  voltage  meter  was,  therefore, 
made  out  of  a  suitable  condenser  of  known  capacity  connected 
in  series  with  a  hot-band  ammeter  that  is  free  of  frequency  effects. 

For  balancing  piu'poses  and  to  employ  convenient  dimensions 
in  other  respects,  it  was  found  best  in  the  present  work  to  make 
up  and  use  two  of  these  condenser-type  voltage  meters.  The 
manner  of  their  construction  is  shown  at  F1F2  in  Fig.  1.  They 
were  made  in  principle  the  same  as  that  used  by  Chubb  and 
Fortescue  in  standardizing  the  Farnsworth-Fortescue  sphere 
gap  voltmeter.'  Each  condenser  was  made  concentric  and  near 
to  these  specified  dimensions:  Outer  cylinder;  inner  diameter 
II.O  in.  (27.9  cm.)  length  72  in.  (1.8  m.).  Inner  cylinder:  outer 
diameter  7.0  in.  (17.7  cm.),  gross  length,  not  including  wood- 

3.  L.  W.  Chubb  an<i  C,  Fortescue,  Trans.  A.I.E.E.,  Vol.  XXXII, 
1913,  p.  739. 
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them  for  regularity  of  surface  curvature  from  the  commercial 
float  ball  product.     Well-impregnated  paraffined  oak  was  used 
for  the  cross  pieces  through  which  the  brass  tubes  pass  to  sup- 
port the  spheres.     The  rest  of  the  frame  was  made  of  Oregon 
pine.     Under   the   stress   of   high-frequency   high    voltage    all 
dielectrics   accept   large   charging   currents.    Ample    and  close 
electrode  contact,  entirely  free  of  all  corona,  must  be  miade,  to 
lead  these  charging  currents  into  the  stressed  dielectric  so  as 
to   prevent   burning  or  other  injury.     Accordingly   the   holes 
through  the  oak  cross  pieces  were  bushed  with  brass  sleeves 
cemented  to  the  wood  by  paraffin  treatment.     Without  this 
precaution  the  frame  will  promptly  be  set  afire.     For  balancing 
purposes  we  had  to  set  this  sphere  gap  standard  rather  high  off 
the  floor.     For  reasons  given  above,  it  could  not  be  operated  with 
one  terminal  grounded  as  recommended  by  Fortescue,  Chubb 
and  Farnsworth.     We  also  used  a  long  wooden  lever  and  screw 
jack  to  facilitate  accurate  gap  settings.     Gap    lengths    were 
determined  by  means  of  calipers  and  micrometer  screw  or  steel 
scale. 

Finally,  reference  is  made  to  the  three  illustrations  Figs.  2,  3 
and  4,  which  give  to  the  eye  much  additional  information  re- 
lating to  the  construction  and  arrangement  of  the  equipment 
as  employed  and  above  described. 

Features  of  Unsteadiness  in  the  High-Frequency 
High   Voltages   Generated   in   the   Appara- 
tus AS  Used  and  Described  Above 

The  character  of  the  high-frequency  voltages  was  examined 
with  the  aid  of  the  cathode  ray  cyclograph.  The  ray  was  given 
an  alternating  deflection  in  one  plane  magnetically,  and  in  a 
quadrature  plane,  electrostatically.  The  magnet  deflections 
were  produced  by  the  oscillating  currents.  Limitations  in  the 
behavior  of  the  cathode  ray  tube  made  it  necessary  to  use  an 
air-core  transfonner  in  series  with  the  oscillating  circuit.  The 
secondary  of  this  transformer  was  short-circuited  through  the 
current  coils  of  the  cyclo^aph  and  grounded.  Thus  the  cathode 
ray  was  not  subjected  to  the  potential  disturbances  that  occur 
when  the  deflecting  coils  are  directly  connected  in  series  with 
the  oscillating  circuit  adjacent  to  an  ungrounded  electrode  of 
the  generator- arc. 

The  ray  was  deflected  electrostatically  by  "  quadrants " 
charged  with  the  potentials  of  spherical  electrodes  that  were 


1914)  SPHERE  GAP  DISCHARGE  VOLTAGES  983 

dipped  into  the  powerful  electrostatic  field  of  the  main  condenser. 
The  two  alternating  motions  thus  imparted  to  the  ray  being 
in  quadrature,  it  was  made  to  trace  an  ellipse  on  the  observing 
screen  of  the  tube.  One  could  then  note  the  characteristic 
manner  in  which  the  magnitude  of  the  high-frequency  voltage 
varied.  The  lowest  current  that  could  ordinarily  be  maintained 
in  the  oscillating  circuit  at  123,000  cycles  was  3.0  and  the  highest 
12.5  amperes,  corresponding  to  12.0  and  50.0  kilovolts  re- 
spectively. The  cyclograph  indicated  unsteady  voltage  fluctua- 
tions amounting  to  a  maximum  of  15  per  cent,  approximately, 
at  3.0  oscillating  amperes.  As  the  oscillating  amperes  increased, 
the  instantaneous  voltage  became  quite  steady,  fluctuating 
less  than  5  per  cent,  maximimi.  As  the  current  approached  6.0 
amperes,  producing  24.0  kilovolts,  the  voltage  became  quite  un- 
steady. It  was  always  difficult  to  operate  the  arc-generator  at 
6.5  amperes.  At  such  current  the  hot-band  ammeter  reading 
fluctuates  and  the  cyclograph  indicates  violent  fluctuations  in 
the  oscillating  current  and  voltage.  Persistence  of  vision  fre- 
quently caused  two  concentric  cyclograms  to  appear  upon  the 
screen,  one  corresponding  to  a  current  of  about  six,  and  the 
other,  seven  amperes.  Because  of  this  characteristic  of  the  arc 
no  attempt  at  any  time  was  made  to  determine  sphere-gap  dis- 
charge voltages  at  or  near  6.5  amperes,  corresponding  to  26.0 
kilovolts.  At  seven  amperes  and  upward  to  12.5  amperes,  the 
cyclograph  again  indicated  steady  instantaneous  oscillating 
voltage,  whenever  the  hot-band  ammeter  in  the  oscillating 
circuit  produced  steady  readings. 

In  making  sphere-gap  voltage  discharge  observations  the  arc- 
generator  was  operated  and  controlled  so  as  to  establish  a  defi- 
nite high-frequency  current  in  the  oscillating  circuit.  While 
the  sphere  gap  was  shortened  slowly  to  produce  the  discharge, 
the  ammeters  in  the  main  oscillating  and  voltmeter  condenser 
circuits  were  read.  A  set  of  observations  was  considered  good 
only  when  the  ammeters  gave  steady  indications.  In  general, 
however,  under  the  most  steady  operating  conditions  there  are 
some  slight  and  rather  rapid  fluctuations  in  the  values  of  the 
current  and,  therefore,  voltage.  The  ammeters  can  only  in- 
dicate the  effective  average  of  such  currents  and  voltages.  On 
the  other  hand,  it  is  the  effective  maximums  of  the  slightly 
fluctuating  voltages  that  actually  produce  most  of  the  discharges 
between  the  spheres.  In  this  manner  variable  errors  are  produced 
in  the  results,  and  some  strategy  is  necessary  to  accomplish 
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their  approximate  elimination.  These  errors  always  operate 
to  produce  apparent  voltage  values  that  are  smaller  than  their 
corresponding  true  values.  For  obvious  reasons  the  sphere 
gap  can  be  shortened  only  at  a  slow  rate.  If  it  could  be  shortened 
at  a  very  high  rate  and  the  process  stopped  at  the  exact  length 
through  which  the  discharge  occurred,  all  settings  would  have 
nearly  equal  weight  in  determining  the  final  true  result.  Under 
the  actual  working  conditions  in  this  equipment,  it  is  hardly 
likdy  that  the  observed  voltages  are  ever  above  the  true  voltages 
that  actually  produce  the  discharge  between  the  spheres.     Oc- 


TABLE  I 
Typical  Obsbrvations 


Temp.  18  deg.  cent,  (approz.) 


Barometer  30  in.  (approz). 


Date 


1914 
Feb. 


H-B  5-amp. 

No.  430188 

constant 

multiplier 

1.03 

0.0001145 

m.  f. 


1.45 

1.43 
1.50 


1.95 
2.08 
2.13 


H-B  1-amp. 

No.  429926 

constant 

multiplier 

1.02 
0.0000380 
m.  f. 


0.4C0 


0.456 
0.474 


0.630 
0.670 
0.690 


H-B  30-amp 
No.  439113 
in  main  os- 
cillating cir- 
cuit 


7.90 

8.00 

8.00 

8.45 

9.00 

9.10 

9.10 

11.20 

11.80 

12.20 


Degrees 

variable 

cai>acity 

7-in. 

(frequency 

sphere 

metcrl80*)- 

gaps. 

0.00406  mf. 

inches 

Inductance 

»   881.   mi- 

cro-henrys 

84.60 

0.095 

m 
m 
« 

0.   93 

84.5 

0.801 

M 

0.821 

« 

0.820 

85.3 

1.04 

m 

1.03 

84.5 

1.06 

Arc 

voltages 

gage 


48. 
42. 
43. 
40. 

42. 


casionally,  however,  the  readings  of  the  instruments  must 
correspond  much  more  nearly  to  the  voltages  applied  to  the 
spheres  at  the  instant  they  discharge.  The  corresponding 
results  will  be  least  in  error  and  must  have  most  weight  in  determin- 
ing the  final  and  true  relation  between  voltages  and  spark  gap  lengths. 

Discussion  of  Results 

Some  of  the  original  observations  are  given  in  Table  I.  The 
constants  of  the  measuring  instruments  are  also  given,  so  that 
one  may  compute  the  corresponding  results  for  himself.  The 
results  obtained  are  given  in  Tables  II  and  III  and  charted 
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TABLB  II 
Results 


' 

~ 

7-inch  sphere  gaps; 

Kilovolts  by  in- 

Frequency 

inches 

ttnunents 

123.000 

0.427 

20.2 

0.420 

10.8 

0.452 

20.0 

0.540 

24.7 

0.673 

33.0 

0.003 

33.0 

0.605 

32.7 

0.704 

33.0 

0.738 

32.7 

0.784 

35.7 

0.800 

35.8 

0.811 

36.6 

0.820 

37.0 

0.821 

37.0 

0.863 

40.7 

0.878 

40.7 

1.03 

47.6 

1.04 

44.7 

1.06 

48.8 

1.00 

48.0 

1.00 

40.8 

1.00 

40.4 

I.IQ 

48.5 

1.10 

50.4 

1.16 

51.8 

TABLB  III 
Results 


7-inch  sphere  gaps; 

Kilovolts.  by  in- 

Frequency 

inches 

struments 

255.000 

0.261 

13  500 

0.253 

13.300 

0.248 

13.250     . 

0.371 

10.060 

0.378 

18.460 

0.382 

18.400 

0.337 

17.670 

0.404 

20.770 

0.808 

43.300 

0.817 

42.600 

0.886 

42.200 

0.020 

42.300   * 

0.001 

41.000 

0.031 

43.700 

0.034 

44.200 

612.500 

0.320 

14.050 

m 

0.263 

12.300 

a 

0.285 

13.200 

« 

0.242 

12.480 

« 

0.250 

12.200 

086 
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in  Fig.  5.  It  is  noted  that  the  123,000-cycle  values,  when  the 
fluctuating  character  of  the  source  is  ignored,  locate  a  right-line 
relation  for  the  sphere  gaps  and  discharge  voltages,  and  that  such 
line  when  extended  passes  through  the  origin.  See  curve  I, 
Fig.  5.  All  values  determined  at  123,000,  255,000  and  612,500 
cycles  locate  curve  11,  Fig.  5,  when  errors  due  to  the  fluctuation 
of  the  source  are  largely  eliminated. 

Curve  III,  Fig.  5,  was  drawn  for  comparison;  it  was  located 
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with  ihc  observations  made  by  Chubb  and  Fortescue  for  25 
cycles  discharge  voltages  and  25-,  37.5-  and  .W-cm.  sphere  K^ps- 
These  observations  arc  recorded  on  pp.  745-6  of  Trans. 
A.I.E.E.,  Vol.  XXXII,  1913.  The  hif^h-frcquency  voltages  are 
almost  uniformly  4..")  kilovolls  liclow  the  2.5-cyelc  voltages. 
No  cause  for  this  difference  could  be  found  in  our  methods  of 
measurements.  We  believe  that  both  curves  have  been  correctly 
located. 
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Conclusions 

1.  The  seven-in.  (17.7-cm.)  sphere-gap  discharge  voltages  at 
frequencies  ranging  from  123,000  to  255,000  cycles  per  second 
are  given  by  the  expression 

e  =  45.5  /  +  2 

for  the  gap  range  of  0.4  to  1.1  in.  (1  to  25.6  mm.),  wherein  the 
value  of  e  is  in  kilovolts,  r.m.s.,  and  the  value  of  the  sphere  gap,  /, 
is  in  inches  at  ordinary  atmospheric  conditions:  Temp.  18  deg. 
cent.;  barom.  30  in. 

2.  Correspondingly  at  612,500  cycles  per  second,  13.06  kilo- 
volts,  r.m.s.,  discharge  through  a  seven-in.  sphere-gap  length  of 
0.252  inch. 

3.  Needle  gaps  are  not  practicable  for  the  determination  of 
high-frequency  high  voltages.  The  points  are  promptly  melted 
and  burned.  Only  gaps  between  blunt  points  can  be  employed. 
For  these.  No.  14  B.  &  S.  gage,  square-ended  copper  wires  were 
used.  The  measured  voltages  were  found  to  be  about  one-half 
of  the  corresponding  voltages  at  60  cycles. 
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« 

Discussion  on  **  The  Sphere  Gap  as  a  Means  of  Measuring 
High  Voltage  "  (Peek).  **  The  Electric  Strbngth  op 
Air — V,  The  Influence  of  Frequency  "  (Whitehead 
AND  Gorton),  and  *'  Sphere  Gap  Discharge  Voltages 
AT  High  Frequencies  "  (Clark  and  Ryan),  Detroit, 
Mich.,  June  24, 1914. 

L.  W.  Chubb:  These  three  papers  presented  under  the 
auspices  of  the  Electrophysics  Committee  are  very  interesting, 
and  they  add  a  gread  deal  to  our  knowledge  of  high-voltage 
phenomena. 

The  paper  on  the  sphere  gap  by  Mr.  Peek  adds  some  valuable 
experimental  data  on  the  eflfect  of  barometric  pressure  on  the 
gap  voltages.  The  effect  of  temperature,  however,  as  expressed 
in  the  empirical  formula,  seems  to  be  a  matter  of  assumption 
based  on  free-path  and  pressure,  but  not  confirmed  by  experi- 
mental data.  The  inverse  proportionality  between  breakdown 
voltage  and  absolute  temperature  may  hold  throughout  the 
range  of  atmospheric  temperatures,  but  the  stream  of  negative 
electrons  from  hot  metallic  electrodes  will  possibly  have  a  greater 
effect   at   high   temperatures. 

The  theories  of  corona  formation  and  breakdown  voltage  so 
far  advanced  can  hardly  be  adopted  as  laws  until  they  are  more 
thoroughly  tested  out,  between  wider  limits. 

The  formulas  given  by  Mr.  Peek  agree  well  with  his  experi- 
mental results,  as  high  as  320,000  volts.  Our  own  direct  cali- 
brations with  the  25-cm.  and  50-cm.  spheres  agree  very  well  as 
high  as  320,000  volts,  with  the  50-cm.  spheres  (one  grounded), 
but  above  this  point  the  formula  and  the  calculated  values  given 
in  Table  IV  do  not  check  with  experimental  data.  For  instance; 
for  the  grounded  case  a  value  in  Table  IV  gives  for  a  separation 
of  50  cm.  a  breakdown  voltaic  of  541,000  volts.  Direct  cali- 
brations show  478,000  when  the  insulated  sphere  is  freely 
suspended  from  a  crane  and  458,000  volts  when  both  spheres  are 
mounted  in  the  standard  frame  proposed  by  Messrs.  Famsworth 
and  Fortcscue.  The  last  value  ?:iven  for  non-grounded  spheres 
shows  a  separation  of  75  cm.  at  725.000  volts.  Our  direct  cali- 
brations show  a  separation  of  just  twice  this  j^ap  at  the  same 
voltage  and  without  visible  corona  on  the  spheres.  Below 
320,000  volts  the  points  can  be  reproduced  easily,  they  check  the 
values  j^iven  in  the  paper  and  the  sphere  gap  seems  to  be  a 
reliable  standard  for  measuring  maximum  voltage.  Above 
320,000  volts  the  gap  is  unsteady,  the  strength  of  the  gap  is 
apparently  much  lowered,  extraneous  bodies  have  a  greater  in- 
fluence and  barometric  pressure  seems  to  have  a  much  greater 
effect  than  is  indicated  by  the  formula.  Tests  have  been  made, 
with  one  sphere  grounded,  to  voltages  over  600,000,  and  with 
both  spheres  insulated,  to  over  900,000  volts.  In  the  tests 
there  was  an  increasing  discrepancy  with  voltage  increase,  be- 
tween the  curves  given  in  the  paper  and  direct  calibrations. 

At  high  voltages  there  is  a  time  effect  of  breakdown   voltage. 


1914]  DISCUSSION  AT  DETROIT  989 

Thus  at  a  gap  setting  of  10  cm.  the  voltage  was  quickly  raised 
and  the  gap  broke  at  188,000  volts.  The  gap  was  then  increased 
one  per  cent  and  the  same  voltage  broke  over  after  an  application 
of  55  sec!  A  second  test  showed  a  lapse  of  40  sec.  The  gap 
was  again  increased  one  per  cent,  and  it  required  160  sec.  for  the 
same  voltage  to  cause  a  breakdown.  Similar  effects  were  shown 
at  other  voltages  above  and  below  188,000.  At  100,000  volts 
the  effect  is  inappreciable  and  below  95,000  volts  no  time  effect 
could  be  noticed. 

The  effect  of  light  is  also  being  investigated  and  seems  to 
play  an  important  part  between  terminals  which  break  above 
the  corona  point,  but,  within  the  range  of  working  voltages, 
light  of  ordinary  wave  lengths  has  very  little  effect  on  the  cali- 
bration of  the  sphere  gap. 

It  was  thought  that  the  presence  of  so  much  corona  in  the 
neighborhood  of  the  sphere  gap  during  high-voltage  tests  might 
lower  the  breakdown  voltage  between  spheres.  Tests  were 
made  blowing  air  upon  the  gap  from  the  side  opposite  to  the 
high-tension  apparatus.  This  air  was  drawn  in  a  large  wooden 
flume  about  20  meters  (65  ft.)  from  the  gap  and  forced  with  a 
low-pressure  blower  across  the  gap.  It  was  found  that  the  air 
blast,  instead  of  making  the  breakdown  voltages  higher  and 
more  consistent  as  expected,  made  the  behavior  more  erratic, 
and  caused  premature  static  flash-overs  across  a  gap  25  or  50  per 
cent  greater  than  the  separation  required  for  final  breakdown. 
Several  explanations  have  been  put  forth  to  cover  this  effect, 
but  they  need  not  be  mentioned  at  this  time. 

The  precautions  against  oscillation  given  by  Mr.  Peek  are 
very  important,  and  the  damping  resistance  both  in  the  pri- 
mary circuit  and  in  series  with  the  gap  is  very  necessary. 

The  paper  by  Messrs.  Whitehead  and  Gorton  is  certainly  an 
example  of  a  good  record  of  the  work  done.  After  reading 
such  a  paper,  one  feels  that  he  has  no  questions  to  ask  why, 
how  or  under  what  conditions  the  several  steps  were  followed 
out. 

The  vibration  of  the  wire  at  high  frequencies  seems  to  prove 
that  the  wire  was  well  centered.  A  stroboscopic  view  of  the 
vibrating  wire  would  probably  show  the  wire  to  be  vibrating  at 
its  natural  period  with  an  increased  corona  on  the  side  of  the 
wire  in  the  direction  of  the  instantaneous  deflection.  This  corona 
causes  the  familiar  electric  wind,  the  reaction  of  which  tends  to 
restore  the  wire  to  the  center.  A  possible  explanation  is  that 
due  to  the  lag  of  corona  formation  upon  the  deflection  of  the 
wire  there  is  a  greater  force  acting  on  the  wire  when  it  is  traveling 
toward  the  center  than  when  it  is  traveling  outward,  which 
would  cause  a  sustained  vibration. 

The  three  possible  explanations  for  the  effect  of  frequency  on 
corona  formation,  -given  on  the  last  two  pages  of  the  paper,  seem 
to  indicate  that  at  high  frequency  the  appearance  of  corona 
would  be  at  an  increased  voltage,  while  the  results  show  the 
reverse  effect. 
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All  the  papers  show  discharge  at  a  lower  voltage  at  high 
frequency,  and  the  authors  are  certainly  to  be  congratulated  on 
this  agreement.  The  discussion  over  a  year  ago  which  probably 
stimulated  the  frequency  tests,  contains  several  statements  that 
the  gap  would  be  stronger  at  high  frequency.  The  new  records 
show  clearly  that  direct  tests  rather  than  theories  should  be  used 
to  study  such  complex  phenomena. 

F.  C.  Caldwell:  Would  there  be  any  chance  for  error  due  to 
the  drop  in  the  high  series  resistance,  especially  at  high  fre- 
quencies, or  would  the  fact  that  the  charging  current  is  out  of 
phase  eliminate  any  such  error? 

D.  M.  Mahood:  Referring  to  curves  of  Fig.  5,  in  the  paper 
by  Messrs.  Clark  and  Ryan,  showing  discharge  voltage  for  high 
frequency  as  almost  uniformly  4.5  lalovolts  below  the  25-cyde 
voltages,  it  is  suggested  that  this  is  due  to  the  fact  that  pure 
undamped  waves  were  not  obtained  diuing  these  observations. 
With  about  10  to  15  ohms  high-frequency  resistance  for  the 
inductances  Li  and  L2  in  the  oscillating  circuit,  about  8  ohms 
high-frequency  resistance  for  the  carbonindtim  safety  resistance 
rods  in  series  with  the  sphere  gap,  and  about  2  ohms  operating  re- 
sistance of  the  arc  itself,  there  exists  a  decrement  of  apparently 
0.02.  The  cyclograph  used,  indicating  only  the  r.m.s.  value  d 
potential  existing,  permits  the  periodic  high  swinging  potential 
which  breaks  down  the  gap  to  slip  by  without  being  taken  into 
consideration  during  observations. 

The  conditions  existing  during  tests  indicated  in  the  first 
paragraph  of  the  second  page  of  the  paper,  showing  17.6  amperes 
direct  current  about  equal  to  alternating  current  (12.5  r.m.s. 
or  17.6  maximum  value)  in  the  arc,  are  extremely  unstable. 
Our  experience  with  Poulsen  arcs  has  shown  that  where  such 
conditions  exist  there  is  considerable  fluctuation  of  voltage  and 
other  conditions  of  the  arc.  With  this  maximum  voltage  value 
jumping  up  at  times  and  not  possible  of  indication  on  any  of  the 
instruments  used,  the  discrepancy  between  the  25-cycle  and 
high-frequency  curves  may  result. 

The  best  oscillating  arcs  constructed  and  specially  designed 
for  stability  for  measuring  purposes  (those  of  Lindemann,  dupU- 
cating  those  of  the  German  Reichsanstalt,)  gave  2  percent 
variation  in  amplitude  at  133,000  cycles.  Methods  for  standard- 
ized calibration  making  use  of  the  oscillating  arc  are  capable 
of  too  much  error,  caused  by  the  instability  combined  with  the 
occasionally  swinging  high-amplitude  wave,  and  should  not 
be  considered  conclusive  until  an  opportunity  is  afforded  to  check 
the  high-frequency  results  under  more  stable  conditions,  using 
high-frequency  generator  with  absolutely  constant  speed  main- 
tained. 

Charles  Fortescue :  Discussing  first  Mr.  Peek's  paper,  the 
results  of  the  tests  under  various  atmospheric  conditions, 
pressure,  frequency,  etc.,  are  a  valuable  addition  to  our  knowl- 
edge   of  the  subject.     It  is  gratifying  to  find  that  these  tests 
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agree  with  theoretical  figiires,  as  far  as  they  have  been  carried 
out.  Mr.  Peek's  tables  of  spark-over  voltages  add  nothing  to 
the  data  already  available  on  the  subject,  except  in  confirmation 
of  the  restdts  obtained  for  25-cm.  spheres,  with  smaller  spheres. 
On  the  contrary,  Mr.  Peek's  assumption  of  constant  apparent 
potential  gradient  at  spark-over,  for  a  given  sphere,  based  on 

his  assumption  that  this  quantity  is  the  same  function  of  — 

as  the  true  intensity,  leads  to  no  useful  result,  and  in  my  opinion 
beclouds  the  real  issue.  We  are  confronted  with  two  problems: 
first,  the  calibration  of  sphere  spark  gaps  of  various  sizes; 
second,  determination  of  the  theory  of  the  voltage  breakdown 
of  the  spark  gap. 

The  old  theory  propounded  by  Russell  has  been  fbund  not 
satisfactory.  Mr.  Peek  has  evolved  a  theory  of  the  effect  of 
shanks.  I  do  not  think  that  the  discrepancy  can  be  attributed 
to  the  shanks.  The  shanks  have  very  little  effect  on  the  break- 
down voltage.  I  think  it  must  be  due  to  some  other  cause,  and 
in  attributing  it  to  the  effects  of  shanks,  we  are  losing  sight  of  the 
real  issue  and  preventing  ourselves  from  finding  out  the  real 
reason  of  the  discrepancy. 

We  have  been  working  on  the  calibration  of  the  spark  gap 
in  Pittsburgh,  and  as  Mr.  Chubb  states,  we  have  carried  calibra- 
tions on  a  grounded  50-cm.  spark  gap  from  potentials  of  300,000 
volts  up  to  600,000  and  above.  In  making  measurements  of 
the  maximum  value,  we  use  the  condenser  terminal  as  a  conden- 
ser. The  condenser  terminal  is  an  excellent  condenser.  We 
judge  from  our  experiments  that  the  effect  of  the  external 
bodies  on  the  capacity  can  be  made  extremely  small. 

In  our  measurements  there  was  no  corona  present  on  the  ter- 
minal itself,  under  any  of  the  measurements,  except  on  the  small 
choke  coil  on  the  top  of  the  terminal.  The  wire  leading  to  the 
spark  gap  had  considerable  corona,  a  soft  glow  without  streamers. 
There  was  a  certain  amount  of  corona  on  the  resistance  leading 
to  the  spark  gap  and  on  the  bushing  through  which  the  shank 
of  the  spark  gap  passed.  It  may  be  that  in  making  our  measure- 
ments by  means  of  this  condenser,  and  averaging  the  value  of 
the  charging  current  with  the  condenser  method,  there  are  os- 
cillations set  up  due  to  corona  disturbances,  which,  of  course, 
take  place  at  the  peak  of  the  wave,  which  .may  not  be  taken  into 
account  in  the  average  value  of  the  charging  current  of  the 
condenser,  so  that  it  is  possible  that  the  effect  of  the  corona 
in  the  wires,  etc.,  vitiated  our  tests  slightly.  But  I  do  not  think 
that  this  can  account  entirely  for  the  large  discrepancy  between 
the  theoretical  figures  and  the  figures  obtained  by  test.  It 
seems  to  me  that  the  lower  breakdown  spark-over  voltage  of 
large  spheres,  as  compared  with  small  spheres,  must  be  due 
to  some  external  effect.  Perhaps  it  is  a  question  of  free  ioniza- 
tion in  the  air;  it  seems  probable  that  the  largest  sphere  collects 
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its  electrons  and  positively  charged  molecules  from  a  very  much 
larger  voltune  of  space  than  the  smaller  spheres.  The  ix)sitive 
charges  will  be  drawn  toward  the  electrode  that  happens  to  be 
negative  at  a  certain  instant,  and  the  negative  will  be  drawn 
toward  the  positive.  While  these  charges  do  not  cause  im- 
mediate breakdown,  their  presence  will  increase  the  intensity 
at  the  siu^ace,  they  will  tend  to  accumulate  at  the  jxrint  of 
highest  potential  gradient  and  finally,  on  the  largest  spheres, 
increase  the  intensity  sufficiently  to  cause  spontaneous  ioniza- 
tion. 

Referring  to  the  paper  by  Messrs.  Whitehead  and  Gorton, 
their  modification  of  the  method  first  used  by  Mr.  Chubb 
and  myself,  to  meet  the  exigencies  of  the  high-frequency  test, 
is  very  interesting,  but  there  is  a  question  in  my  mind  whether 
the  rectifier  does  not  produce  superimposed  oscillations  of  its 
own.  In  other  words,  as  I  see  it,  in  their  circuit  they  introduce 
what  amounts  to  a  square-topped  alternating  wave  which  has 
an  infinite  number  of  frequencies.  It  is  possible  for  conditions 
to  arise  such  that  any  one  of  this  infinite  number  of  harmonics 
may  resonate,  causing  a  high  peak  in  the  voltage;  which  may  be 
of  such  frequency  and  characteristics  that  its  true  value  is  not 
properly  recorded. 

Another  possibility  of  error  suggests  itself  to  me  in  Dr.  White- 
head's tests.  I  do  not  think  it  safe  to  assume  that  the  rotating 
field  of  the  generator  has  sufficient  inertia  to  prevent  it  from 
causing  troubles  due  to  surges  in  the  supply  circuit.  Otu*  ex- 
perience in  the  first  calibration  of  the  sphere  spark  gap  showed 
that  even  with  an  armature  ruilning  at  very  high  speed,  supply- 
ing alternating  current  to  the  testing  transformer,  the  effect 
of  surges  in  neighboring  circuits  was  noticeable — we  had  a 
neighboring  three-phase  grounded  crane  circuit,  in  which  heavy 
loads  were  suddenly  applied,  and  we  found  this  had  a  great 
effect  on  our  testing  voltages.  Every  time  the  crane  hoist 
started,  we  would  have  a  breakdown  and  oscillation,  in  spite 
of  the  fact  that  the  two  systems  were  connected  only  through 
mechanical  parts  having  considerable  inertia.  The  reason,  as 
I  understand  it,  is  that  any  slight  oscillatiori  in  the  mechanical 
part  will  set  up  an  oscillating  voltage,  which  may  in  itself  be 
small,  but  under  certain  circumstances  the  oscillation  may  have 
the  same  period  as  the  test  circuit,  and  cause  quite  high  oscil- 
lating voltages. 

Probably  either  of  these  two  possibilities  may  explain  the 
results  that  Dr.  Whitehead  found — namely,  that  at  certain 
definite  points  there  was  an  apparent  discontinuity  in  the 
corona  point. 

In  connection  with  the  question  of  resonance  in  transfonners, 
we  had  some  ex])erience  which  led  us  to  try  to  find  some  way  of 
getting  an  absolute  method  of  measuring  maximum  voltage  \rith- 
out  having  recourse  to  ratio.  Our  shop  testing  force  had  an 
experience   several    years   ago    with  a  high-voltage  transformer 
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which  was  to  be  tested  for  certain  overload  capacities.  They 
could  not  get  the  transformer  past  the  testing  floor.  Every 
time  they  tested  it  by  the  ratio  method,  they  faSed.  For  some 
reason  or  other  it  never  occurred  to  them  to  use  the  sphere  gap 
to  find  out  what  was  the  trouble.  I  was  asked  to  go  down  and 
investigate  the  matter.  I  suggested  that  we  try  to  see  what 
the  sphere  gap  showed.  We  found  in  the  case  of  one  generator 
a  test  value  above  that  shown  by  ratio  all  the  way  from  zero  to 
60  per  cent  on  the  high-tension  side,  purely  due  to  wave  dis- 
tortion and  resonance  of  the  distorting  harmonic.  It  is  never 
safe  to  trust  to  ratio  on  tests  with  very  high-voltage  transformers, 
on  account  of  the  fact  that  the  capacity  of  the  transformer  is 
necessarily  quite  large. 

Referring  to  the  paper  by  Messrs.  Clark  and  Ryan,  I  wish  to 
ask  the  authors  if  they  assume  that  the  wave  form  of  an  oscil- 
lating circuit  is  so  close  to  a  sine  wave  that  it  cannot  affect  the 
maximum  value  of  the  voltage.  We  have  had  waves  of  applied 
voltage  that  looked  like  almost  perfect  sine  waves,  which  gave 
waves  of  charging  current  with  condensers  which  showed  dis- 
tinct harmonics.  The  multiplying  factor  of  the  higher  har- 
monics is  very  large,  so  that  even  a  very  small  fraction  of  a  normal 
frequency  would  be  magnified  and  multiplied,  through  reson- 
ance, enough  to  have  a  large  effect  on  measurements,  resulting 
in  large  discrepancies  from  the  values  indicated  by  ratio. 

I  note  another  thing  in  the  paper  by  Messrs.  Clark  and  Ryan, 
and  that  is  that  their  spheres  are  isolated,  and  they  have  no 
distinct  zero  potential  point  in  their  system.  In  such  a  case 
we  have  no  idea  what  the  relative  potentials  of  the  spheres  are. 
The  whole  system  may  oscillate  at  a  high  frequency  above'  zero, 
so  that  the  maximum  intensity  at  the  spheres  of  such  a  system 
is  quite  indefinite.  For  that  reason,  I  am  inclined  to  think  that 
these  tests  cannot  be  considered  as  final. 

A  point  Messrs.  Clark  and  Ryan  bring  out  in  their  paper , 
which  I  think  is  very  important,  is  the  question  of  the  weight 
to  be  given  in  test  measurements  in  connection  with  such  a 
piece  of  apparatus  as  the  spark  gap;  the  sphere  gap  particularly. 
In  studying  the  sphere  gap,  it  has  a  maximum  breakdown,  which 
is  the  voltage  we  wish  to  arrive  at.  Our  tests  are  possibly  sub- 
ject to  extraneous  conditions,  such  as  surges  in  neighboring  cir- 
cuits, etc.,  and  also  to  fluctuations,  breakdowns  due  to  the 
oscillation  and  consequent  fluctuation,  but  if  measurements 
are  carefully  carried  out,  it  is  not  possible  to  obtain  values  higher 
than  the  actual  breakdown  voltage.  So  that  in  using  the  results 
of  such  tests  the  average  of  a  large  number  of  tests  is  not  neces- 
sarily the  correct  value,  but  rather  greater  weight  should  be  given 
to  the  maximum  values,  in  other  words,  any  discrepancy  will 
be  of  lower  value  than  the  actual  true  strength,  and  is  probably 
due  to  the  oscillation  or  some  trouble  in  the  circuit  itself. 

Referring  to  the  maximum  voltage  meter,  as  I  have  called  it — 
the  method  that  Dr.  Whitehead  has  used  and  which  Mr.  Chubb 
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and  I  used  in  the  original  paper  on  the  calibration  of  the  sphere 
gap — I  may  state  that  it  gives  what  may  be  called  the  average 
maximimi  value.  In  other  words,  it  cannot  show  the  maxmium 
value  that  may  occur  at  any  one  cycle,  due  to  some  external 
effect;  if  there  is  a  difference  in  the  positive  and  negative  wave 
form,  or  change,  during  a  very  short  length  of  time,  this  cannot 
be  shown.  It  simply  indicates  the  average  of  a  consecutive 
series  of  waves  of  charging  current,  and  gives  the  average  maxi- 
mtun  value  of  applied  voltage  for  the  consecutive  series.  In 
order  that  this  shaJl  be  the  true  maximum  value,  it  is  necessary 
to  presuppose  a  steady  and  constant  applied  voltage  and  a 
constant  secondary  voltage. 

The  vibration  of  the  suspended  wires,  mentioned  in  the  paper 
by  Messrs.  Whitehead  and  Gorton,  I  have  also  observed  at 
corona  points  on  wires  with  neighboring  large  bodies. 

D.  D.  Ewing:  I  believe  we  all  realize  that  one  of  the  greatest 
difficulties  we  have  to  encounter  in  the  study  of  high-tension 
phenomena  is  th^  diffictdty  of  making  the  measurements  with 
any  degree  of  scientific  accuracy.  The  points  I  have  in  mind 
were  brought  up  by  Dr.  Whitehead's  paper.  I  believe  Mr. 
Fortescue,  if  I  understood  him  correctly,  touched  on  one  of  them, 
namely,  the  deformation  of  wave  form  when  the  mercury  arc 
is  used  as  a  rectifier.  I  notice  that  Dr.  Whitehead  in  his  experi- 
mental work  made  use  of  a  direct-current  measuring  instrument, 
prestunably  of  the  permanent  magnet  moving  coil  type.  He 
states  in  his  paper  that  the  permanent  magnet  type  instnmient 
is  suitable  for  the  purpose  although  he  does  not  specifically 
state  that  he  made  use  of  this  particular  type  of  instrument. 
I  would  like  to  call  attention  to  the  fact  that  some  of  the  com- 
mon commercial  forms  of  this  type  of  instrument  can  not  be 
relied  on  to  give  a  very  high  degree  of  accuracy,  when  used  to 
indicate  the  average  value  of  a  fluctuating  quantity.  In  some 
tests  made  several  years  ago,  on  some  meters  used  in  railway 
service,  I  found  that  the  average  value  was  about  15  per  cent 
off.  In  the  measurements  made  by  Dr.  Whitehead,  the  errors 
introduced  by  the  use  of  the  mercury  arc  and  this  type  of  in- 
strument would  be  differential  rather  than  cumulative,  thus 
giving  a  low  resultant  error.  I  wish,  however,  to  call  attention 
to  this  fact  about  the  direct-current  permanent  magnet  instru- 
ment :  it  must  be  used  with  caution  if  the  quantities  are  fluctua- 
ting rapidly. 

E.  E.  F.  Creighton:  I  think  the  most  evident  thing  in  all 
these  papers  and  in  all  the  discussions  which  have  taken  place 
in  the  past  few  years  has  been  the  lack  of  some  instrument  or 
some  device  that  will  accurately  measure  the  voltage.  If  such 
an  instrument  were  available  at  the  present  time,  the  whole 
subject  could  be  cleared  up. 

Every  one  of  these  papers  adds  a  little  more,  makes  one  step 
nearer  the  final  solution,  by  giving  the  results  of  some  method 
which  has  been  tried  out  for  the  measurement  of  voltage  at  high 
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frequency.  We  have  endeavored  in  the  study  of  lightning  ar- 
resters for  many  years  to  get  something  we  could  rely  on.  Our 
endeavor  has  been,  not  so  much  to  locate  a  condition  and  measure 
the  voltage,  but  to  vary  all  the  conditions  and  get  the  minimum 
gap  length  as  near  as  we  could  for  the  same  voltage  impulse 
applied. 

In  working  with  Alexanderson's  alternator,  running  up  to 
200,000  cycles  per  second,  one  of  the  first  difficulties  encountered 
was  the  impossibility  of  getting  any  definite  voltage  ratio  in 
the  transformer.  We  had  a  transformer  made  up  of  eleven 
layers,  and  used  one  layer  as  a  primary  and  the  other  ten  layers 
as  a  secondary,  stepping  up  1  to  10.  We  found  at  a  certain 
frequency  when  100  volts  was  applied  to  the  primary  we 
got  100  volts  across  the  secondary.  Instead  of  getting  1  to 
10,  according  to  the  ratio  of  turns,  we  had  a  ratio  of  1  to  1. 
Then  we  took  our  voltmeter  and  applied  it  to  the  different 
layers,  and  found  one  layer  that  was  given  a  ratio  of  ten  times 
the  impressed  voltage,  in  other  words,  1000  volts,  where  the 
ratio  of  the  number  of  turns  was  only  1  to  1.  This  simple  illus- 
tration shows  the  effect  of  internal  capacity  in  entirely  changing 
the  voltages  that  should  be  given  by  the  ratio  of  the  number 
of  turns. 

In  regard  to  the  free  ionization  in  the  air,  we  have  had  by 
tests  in  the  laboratory  a  number  of  illustrations  of  this  ionization 
effect.  The  vacuum  arrester  consists  of  a  copper  tube  with  an 
insulated  electrode  on  the  inside  and  more  or  less  vacuum  pro- 
duced aroimd  these  electrodes,  depending  on  the  spark  voltage 
desired.  The  gap  length  is  of  the  order  of  1  mm.  and  the  diam- 
eter of  the  tube  only  about  f  in.  (about  19  mm.).  When  po- 
tential is  first  applied  the  sparking  voltage  may  be  500  volts. 
If  potential  is  applied  immediately  afterwards  a  lower  value 
is  needed  to  cause  a  spark — even  as  low  as  350  volts.  It  re- 
quires considerable  time,  a  number  of  minutes,  in  some  cases 
a  number  of  hours,  for  this  internal  ionization  to  disappear. 

Another  case  of  ionization  was  illustrated  in  the  test  we  showed 
before  the  Institute  something  over  a  year  ago,  in  which  we  rec- 
ommended the  use  of  high  frequency  for  the  testing  of  insulators. 
It  is  shown  in  all  of  these  tests  that  when  high  frequency  is  ap- 
plied to  an  insulator  there  are  obtained  many  sparks  that  are 
fairly  evenly  distributed  around  the  siu^ace  of  the  insulator. 
These  sparks  are  not  simultaneous,  but  successive.  The  ex- 
planation of  the  distribution  may  be  that  when  the  potential  is 
applied  to  the  cap  of  the  insulator  it  ionizes  more  or  less  evenly 
the  atmosphere  all  over  the  siu^ace  of  the  porcelain.  Due  to 
accidental  conditions,  the  first  spark  will  break  over  at  some  one 
point.  In  so  doing,  it  will  relieve  the  stress  in  the  atmosphere 
at  that  point.  The  subsequent  sparks  will  find  points  in  the 
atmosphere  elsewhere  that  are  highly  ionized  and  the  subsequent 
sparks  will  consequently  take  other  paths.  I  think  this  is 
another  illustration  of  the  fact  that  ionization  may  reside  for 
a  considerable  time  in  the  atmosphere. 
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Professor  Caldwell  brings  up  a  very  pertinent  question, 
that  is,  in  using  resistance  in  series  with  spark  gaps,  is  the  test- 
ing outfit  still  applicable  for  the  testing  of  apparatus?  While 
series  resistance  is  desirable  as  recommended,  there  is  a  special 
condition  where  it  is  not  applicable.  It  is  not  applicable  to  the 
testing  of  lightning  arresters.  A  series  resistance  of  one  ohm 
per  volt  will  give  erroneous  results  in  the  testing  of  arresters. 
We  have  used  for  many  years  without  series  resistance  a  trans- 
former at  100,000  volts  for  testing  work,  and  in  only  two  cases 
during  all  that  time  have  oscillations  been  produced  which 
damaged  the  end  turns. 

Mr.  Peek  has  brought  out  definitely  that  moisture  in  the  at- 
mosphere causes  an  increase  in  the  spark  potential  of  a  needle 
gap  (but  not  of  a  sphere  gap). 

It  may  be  of  some  interest  to  note  that  in  the  testing  of  multi- 
gap  lightning  arresters  the  opposite  effect  is  sometimes  found. 
For  example,  a  compression  chamber  lightning  arrester  tested 
on  a  perfectly  dry  day  had  a  certain  sparking  potential.  Three 
days  later  on  a  humid  day  and  without  any  changes  in  the  circuit 
the  spark  potential  was  considerably  lower.  From  a  certain 
point  of  view,  that  is  a  valuable  thing  to  know.  When  lightning 
is  about  to  take  place,  the  arrester  vrill  be  a  little  more  sensitive. 
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H.  B.  Dwight:  In  Mr.  Peek's  paper  are  given  various  pre- 
cautions to  be  observed  in  making  high-voltage  tests.  Although 
the  list  was  not  meant  to  be  complete,  I  would  suggest  adding 
to  these  the  avoidance  of  the  use  of  choke  coils  with  iron  cores, 
even  in  the  low- tension  circuit.  There  is  a  tendency  to  use  such 
coils  in  practical  testing  because  small  transformers  or  auto- 
transformers  are  generally  available  in  many  sizes,  while  air 
coils  are  not.  The  iron-cored  coils  may  not  always  produce 
trouble,  but  there  is  distinct  danger  of  it,  as  is  shown  by  the 
following  experience  encountered  in  routine  commercial  testing. 
In  testing  some  insulators  at  300,000  volts,  an  iron-cored  choke 
■1  was  used  as  at  5,  Fig.  1.     On  applying  a  low-tension  voltage 
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which  normally  gave  about  130,000  volts,  an  entire  absence  of 
corona  was  noted.  On  again  closing  the  switch  with  exactly 
the  same  connections  there  was  a  heavy  continuous  discharge 
over  the  insulator,  indicating  much  more  than  130,000  volts. 
Repeated  closing  of  the  low-tension  circuit  gave  sometimes  one 
and  sometimes  the  other  of  these  two  steady  conditions. 

In  locating  the  cause  of  this  trouble,  it  was  found  by  measure- 
ments of  the  voltages  on  A,  B  and  C  that  the  voltages  on  the 
insulator  in  the  two  steady  states  were  about  30,000  and  300,000 
and  that  the  choke  coil  was  in  the  one  case  unsaturated  and  in 
the  other  case,  saturated.  Which  state  was  produced  depended 
apparently  on  the  part  of  the  voltage  wave  at  which  the  circuit 
was  closed.  Both  states  were  steady  except  that  sometimes 
the  first  would  suddenly  change  into  the  second,  with  correspond- 
ing increase  in  voltage. 

The  vector  diagrams  for  the  two  different  steady  states  with 
the  same  applied  voltage  of  380  volts,  are  shown  in  Fig.  2. 

An  indication  of  how  the  saturation  of  the  iron  core  produces 
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the  erratic  results  is  shown  in  Fig.  3.  The  curve  of  applied  volt- 
age is  to  be  calculated  from  the  capacity  of  the  instdator  and  the 
magnetizing  current  and  iron  loss  current  of  the  choke  coil. 
For  details  of  this  calculation  sec  the  Electric  Journal,  p.  1102, 
December,  1911.  The  current  and  voltages  have  been  observed 
with  an  oscillograph  and  have  been  found  to  have  the  same  fre- 
quency as  the  generator,  and  to  have  phase  relations  in  agree- 
ment with  the  vector  diagrams. 

The  phenomenon  is  essentially  a  low-voltage,  standard  fre- 
quency phenomenon  of  continuous  duration.  It  has  no  con- 
nection with  the  high-frequency  oscillations  which  occur  around 
a  spark  gap  and  it  is  quite  distinct  from  the  phenomenon  of 
simple  resonance.  The  two  different  voltages  obtained  from 
one  connection  of  apparatus  depend  on  the  combination  of  lead- 
ing current  and  an  iron  magnetic  circuit  which  becomes  saturated. 
It  is  seen,  from  Fig.  3,  that  a  certain  value  of  applied  voltage  may 
correspond  to  two  different  values  of  amperes,  according  to  a 
point  in  the  part  U  R,  or  the  part  T  5,  of  the  curve  for  applied 
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voltage.  These  two  values  produce  two  different  values  of 
voltage  on  the  testing  transformer,  the  curve  for  which  is  seen 
to  be  in  two  parts,  separated  by  an  unstable  region. 

In  investigating  this  phenomenon,  the  applied  voltage  may 
be  slowly  increased  from  U  to  R,  and  then  the  current  will  sud- 
denly change  from  R  to  5.  Thus,  about  ten  times  as  much  cur- 
rent will  flow  through  the  choke  coil,  and  a  high  voltage  will  be 
produced.  Then,  on  lowering  the  voltage  gradually  from  S  to 
T,  the  current  drops  suddenly  from  T-to  U,  and  the  original 
condition  is  obtained. 

Since  a  choke  coil  with  an  iron  core  may  render  indeterminate 
the  voltage  to  be  obtained  from  a  given  arrangement  of  appara- 
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tus,  and  may  give  suddenly  a  far  greater  voltage  than  would 
be  expected,  its  use  would  appear  to  be  inadvisable. 

W.  W.  Lewis;  Mr.  Peek  says  that  carbon  or  graphite  rods 
should  be  avoided  as  resistance  in  series  with  the  sphere  gap. 
because  they  arc  unreliable.  We  have  found  in  Pittsfield  that 
this  is  usually  true  with  the  so-called  "  high-rated"  carbon 
rods,  that  is,  rods  that  are  rated  in  the  neighborhood  of  60,000 
ohms  each,  because  these  rods  contain  very  little  carbon;  they 
are  composed  of  some  kind  of  clay  mixed  with  graphite,  and 
their  resistance  changes  when  current  is  passed  through  them. 
The  "  low-rated"  rods,  i.e.,  rods  rated  in  the  neighborhood  of 
4000  ohms  each,  we  have  found  to  be  very  constant  and  reliable 
We  have  checked  these  by  measuring  the  voltages  set  up  in  the 
high  tension  of  the  transformer  under  test,  when  the  spark  gap 


19141  DISCUSSION  AT  DETROIT  999 

is  arced  over  as  shown  in  Mr.  Peek's  Fig.  13,  and  we  find  that 
we  get  no  appreciable  voltage  set  up  in  the  high  tension  of  the 
transformer  when  resistance  is  used  to  the  value  of  one  ohm 
per  volt  or  over.  We  have  also  run  heat  tests  on  these  rods  and 
find  their  resistance  to  remain  constant,  whereas  that  of  the 
high-rated  rods  increases  appreciably. 

We  have  tried  metallic  resistance  and  $nd  that  in  order  to  get 
high  resistance,  very  small  wire  must  be  used,  and  to  prevent 
this  burning  out,  it  must  be  immersed  in  oil.  It  is  very  difficult 
to  prevent  the  oil  from  leaking  and  to  insulate  the  resistance 
properly.  Water  resistances  are  subject  to  the  trouble  that 
steam  forms  at  the  terminals  and  the  water  explodes  violently 
from  the  tubes.  We  have  decided  that,  altogether,  the  low- 
rated  carbon  rods  are  nearest  to  the  ideal. 

Mr.  Peek  in  his  precautions  says:  "  The  spheres  should  be 
twice  the  gap  setting  from  surroundings."  It  is  rather  indefinite 
as  to  just  what  this  means.  We  have  interpreted  it  at  Pitts- 
field  to  mean  that  no  part  of  the  wooden  supporting  standard 
or  metal  shank  bushings  shall  be  nearer  to  any  point  of  the 
spheres  than  twice  the  maximum  gap  length.  When  you  figure 
on  75-cm.  spheres,  which  we  have  at  Pittsfield,  and  allow  a  dis- 
tance of  150  cm.  from  the  supporting  standards  to  the  spheres, 
and  75  cm.  as  the  maximum  gap,  this  gives  525  cm.,  or  about 
17  ft.,  between  sphere  gap  standards,  and  this  means  a  great 
expense  in  treated  wood  and  in  floor  space. 

I  understand  that  the  new  Institute  rules  are  more  lenient  in 
this  respect,  reading  that  '*  No  extraneous  body  or  external 
part  of  the  circuit  shall  be  near  the  gap  within  twice  the  diam- 
eter of  the  spheres."  With  the  75-cm.  spheres,  the  distance 
between  standards  would  be,  according  to  this  rule,  375  cm.  or 
about  12  ft.  The  rule  might  well  be  further  modified,  a  dis- 
tinction being  made  between  bodies  that  are  insulating,  and 
metallic  bodies. 

We  have  made  a  few  tests  recently  to  check  the  effect  of  wood, 
metal  and  porcelain  on  the  sphere  gap  arc-over,  when  these 
objects  are  placed  at  different  distances  from  the  spheres,  and 
we  find  that  wood  and  porcelain  have  practically  no  effect  when 
placed  as  close  as  one-half  the  gap  distance  away  from  the 
spheres.  Metal;  however,  appreciably  reduces  the  spark-over, 
that  is,  when  a  sheet  of  metal  was  placed  one  and  one-half  times 
the  gap  distance  away  from  the  spheres,  the  spark-over  voltage 
was  reduced  four  per  cent. 

Mr.  Fortescue  questioned  the  statement  in  regard  to  the 
effect  of  metal  on  the  shanks.  To  check  this  we  made  some 
tests,  placing  a  disk  of  a  diameter  equal  to  the  diameter  of  the 
sphere  (12.5  cm.)  on  the  shanks  at  different  distances  from  the 
sphere,  and  we  found  that  when  this  disk  was  placed  on  the 
shank  of  the  non-grounded  sphere  (these  tests  were  all  made 
with  one  sphere  grounded)  it  made  as  high  as  3  per  cent  difference 
in  the  spark-over.     These  values  were  checked  several  times, 
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the  voltages  being  determined  by  a  voltmeter  coil  placed  in 
the  center  of  the  high-tension  winding  of  the  testing  transformer. 
We  have  found  the  voltmeter  coil  to  be  very  accurate  and  valu- 
able for  this  kind  of  work. 

E.  P.  Peck:  I  want  to  ask  Mr.  Peek  what  he  meant  by  say- 
ing, on  page  945,  *'  For  steep  wave  fronts  a  higher  voltage  is 
lequired  to  spark  over,  a  given  gap  than  for  low  frequency." 
The  rest  of  the  paper  indicates  that  the  higher  the  frequency 
the  lower  the  spark-over.  This  one  remark  indicates  the  other 
direction. 

J.  R.  Craighead:  A  previous  speaker  mentioned  the  practise 
of  using  the  voltmeter  coil  in  the  middle  of  the  transformer  as 
a  means  of  reading  the  voltage,  and  at  the  same  time  spoke  of 
using  one  of  the  spheres  as  grounded.  Now,  it  sometimes  be- 
comes convenient  to  ground  the  transformer  in  the  middle 
when  the  voltmeter  coil  is  there,  to  protect  the  voltmeter  coil. 
I  would  ask  Mr.  Peek  if  he  can  tell  us  anything  about  the  re- 
lation of  this  to  the  grounded  curve  and  the  ungrounded  curve. 
Also,  what  is  the  effect  of  the  ground  placed  at  some  other  point 
in  the  circuit? 

F.  W.  Peek,  Jr. :  Mr.  Chubb  states  that  after  a  given  high 
voltage  is  reached,  spark-over  will  result  between  spheres,  no 
matter  how  far  the  gap  length  is  increased.  In  other  words, 
the  law  which  I  have  given  suddenly  ceases  to  hold.  The  curve 
becomes  discontinuous. 

Theory  at  once  explains  this  discrepancy,  when  the  cause 
may  be  readily  corrected  or  removed  in  practise.  The  curve 
is  really  continuous.  The  reason  for  the  discrepancy  is  as 
follows : 

The  spheres  wdth  their  conncctino  leads  make  up  a  circuit 
of  capacity  and  inductance.  A  local  spark-over  or  static  spark 
on  a  section  of  a  supporting  bushing,  from  the  end  of  a  connecting 
wire,  etc.,  will  cause  a  readjustment  of  energy  distribution  in 
the  circuit.  An  oscillation  or  high  transient  voltage  results, 
which  is  superposed  upon  the  applied  voltage  and  causes  the 
sphere  gap  to  spark  over.  The  actual  voltage  at  the  sphere 
gap  may  thus  easily  be  double  the  applied  voltage,  or  the  voltage 
read  at  the  meter.  The  sphere  gap  may  thus,  under  this  con- 
dition, be  lengthened  out  to  a  considerable  extent,  or  to  the  limit 
of  the  transient  voltage,  and  spark-over  will  result.  The 
sphere  measures  the  transient  voltage  and  not  the  applied  voltage. 
The  applied  voltage  at  which  the  curve  appears  to  become  dis- 
continuous, is  the  critical  voltage  for  local  breakdown  some- 
where, as  on  leads,  etc.  The  transient  follows.  The  effect  may 
be  easily  reproduced  in  tb.e  laboratory  at  fairly  low  voltages. 
It  is  more  likely  to  occur  in  practise  at  high  voltages  because 
static  sparks  are  most  likely  to  occur  at  high  voltages.  The 
remedy  is  to  arrange  leads  and  conductors  so  that  local  static 
sparking  does  not  occur  and  so  that  the  gap  supports  are  in- 
sulated to  withstand  the  voltage  to  be  measured.  The  resistances 
should  be  placed  directly  in  series  with  the  gap  and  as  near  the 
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spheres  as  possible.  The  sphere  gap  is  much  more  sensitive 
to  transient  voltages  than  the  needle  gap.  Care  must  always 
be  taken  to  prevent  these  voltages  reaching  the  gap,  unless  it 
is  desired  to  measure  them. 

As  an  example:  A  sphere  gap  without  series  resistance  was 
placed  in  parallel  with  a  string  of  insulators,  and  voltage  applied. 
The  known  arc-over  of  the  insulators  was  300  kv.  The  sphere 
gap  was  set  for  that  voltage.  At  295  kv.  static  sparks  occurred 
on  the  insulator  unit  near  the  line  end.  The  sphere  gap  sparked 
over,  due  to  the  resulting  high  transient  voltage,  and  relieved 
the  pressure.  The  gap  was  lengthened.  At  295  kv.  the  tran- 
sient again  occurred  and  caused  the  sphere  to  spark  over.  It 
was  in  this  way  necessary  to  increase  the  sphere  gap  to  a  spacing 
equivalent  to  400  kv.  before  the  insulators  sparked  over.  The 
spheres  in  this  case  measured  the  transient  voltage.  In  such 
tests  it  is  preferable  to  use  the  spheres  only  to  calibrate  the  wave 
shape  and  transformer  ratio.  This  should  be  done  at  a  voltage 
below  that  at  which  static  sparks  appear  on  the  insulator. 

We  have,  since  the  paper  was  written,  actually  checked  a 
calculated  curve  for  75-cm.  spheres  up  to  700  kv.  with  good 
agreement.  It  was,  of  course,  necessary  to  use  a  very  well 
insulated  stand  and  leads,  etc.,  at  this  voltage. 

The  effect  of  altitudes  must  be  the  same  at  high  voltages  as 
at  low  voltages.  At  high  voltages  the  spacings  are  greater  than 
at  low  voltages;  the  resulting  gradients  upon  which  the  break- 
down depends  are  the  same.  In  my  former  papers  I  have  shown 
that  the  decreased  strength  of  air  at  high  altitudes  is  the  result 
of  decreased  air  density,  and  that  the  effect  is  the  same  whether 
the  change  in  density  is  due  to  temperature  or  to  pressure. 

Mr.  Dwight's  discussion  is  interesting.  I  should  like  to  see 
the  data. 

The  term  "  high  frequency*'  is  at  present  very  loosely  used 
and  under  it  are  included  continuous  high  frequency,  and  tran- 
sient voltages,  as  oscillations,  steep  wave  front  impulses,  etc. 
The  effects  of  these  are  naturally  quite  different.  There  are, 
in  this  way,  many  apparent  discrepancies  in  the  effects  result- 
ing from  the  "  same"  cause — "  high  frequency."  The  term  is 
thus  used  to  explain  many  "  mysterious"  failures.  The  sphere 
gap,  when  the  maximum  spacing  is  limited  to  the  diameter  of 
the  spheres,  measures  with  fair  approximation  high  frequency, 
and  transient  voltages.  In  case  of  high  frequency  care 
must  be  taken  to  polish  carefully  the  surface  of  the  sphere. 
The  needle  gap  does  not  even  approximate  such  voltages. 
At  continuous  high  frequency  the  needle  gap  curve  is 
changed  by  the  intense  local  heating;  at  steep  wave  front 
by  the  limited  time.  This  is  discussed  in  my  paper. 
I  have  given  a  theoretical  explanation  in  former  discussions.* 
It  may  be  of  interest  to  give  an  example  of  impulse  voltage  here : 

*Page  138,  this  volume. 

"  High  Voltage  Engineering",  Journal  of  Franklin  Institute,  Dec.  1913. 

Page  612,  this  volume. 
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Spacing 

of 

Needle 

cm. 

Voltages  Required  to  Cause  Needles  to 
Spark  Over 

Ratio 

60    cycles 
max. 

Impulse  volt- 
age (measured 
by     25-cm. 

spheres,  using 
60-cycle  curve) 

Impulse  volt- 
age calculated 
from   circuit 
constants 

1 
1 

Calculated  impoUe  voltage 
60     cycles 

Needles 

> 
Spheres 

m 

2.3 

3.95 

5.34 

26.0 
39.5 
51.5 

36.6 
59.5 
73.5 

39.5 
60.5 
74.5 

1.41 
1.45 
1.46 

1.08        1 
1.02        ,' 
1.01 

A  higher  impulse  voltage  is  required  to  cause  the  needles  to 
arc  over  than  at  60  cycles.     The  spheres  arc  over  at  approxi- 
mately the  same  voltage  at  60  cycles  and  impulse.     TMs  par- 
ticular impulse  reached  its  maximum  in  0.0(X)45  milliseconds. 
A  steeper  impulse  would  require  a  still  higher  voltage  on  the  needle 
gap  to  cause  arc-over;  with    continuous  high    frequency    the 
needle   sparks   over   at   lower   voltages   than  at  60'^.     Great 
caution    is    thus    necessary   in    making    "  high    frequency 
tests.       Much    damage    may    also    be    done     to     apparatus, 
etc.,    as    I    have   pointed   out,    unless   tests    are    made    with 
caution.       Care    should    bo    taken    to    place    the    spheres    at 
a  considerable  distance  from  ground  and  from    large  metal  or 
other  conducting  masses.     In  no  case  should  this  distance  be 
less  than  twice  the  sphere  diameter.     This  is  so  whether  both 
spheres  are  insulated  or  one  sphere  is  grounded.     The  curves 
for  both  spheres  insulated  were  made  with  the  neutral  at  mid- 
point.    To  be  sure  of  this,  it  is  desirable  that  the  transformer 
neutral  be  grounded.     Carbon  rods  may  be  made  in  which  the 
resistance  is  not  greatly  affected  at  high  voltages,  but  rods  as 
generally  made  are  affected. 

Dr.  Whitehead  has  developed  an  extremely  interesting  method 
of  measuring  high-frequency  voltages.  I  have  also  noticed  the 
phenomenon  of  vibrating  wires  which  Dr.  Whitehead  mentions. 
Photographs  showing  this  are  given  in  my  1912  paper. 

Referring  to  Fig.  5,  in  the  paper  of  Messrs.  Clark  and  Ryan, 
I  would  like  to  call  attention  to  the  fact  that  at  small  spacings 
the  60-cycle  curve  is  also  approximately  a  straight  line.  At 
higher  voltages  the  high-frequency  curve  will  bend  as  the  60- 
cycle  curve  does.  For  7-in.  (17.8-cm.)  spheres,  curve  III  will 
fall  closer  to  I  and  II. 

John  B.  Whitehead:  It  is  interesting  to  ask,  in  connection 
with  this  question  of  frequency,  to  what  conclusion  these  papers 
lead  us.  Considering  the  ascending  range,  there  is  evidence 
from  our  experiments  that  with  increasing  frequency  there  is  a 
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slight,  but  certainly  evident,  .lowering  of  corona-forming  voltage. 
There  have  been  one  or  two  suggestions,  by  Mr.  Fortescue  and 
others,  of  possible  sources  of  error,  and  at  first  glimpse  it  appears 
that  these  errors,  if  they  exist,  would  be  in  the  direction  of 
lowering  the  apparent  corona  voltage.  In  my  opinion,  however, 
these  errors  are  not  present. 

In  Mr.  Peek's  range  of  frequency,  up  to  40,000  cycles,  a 
further  lowering  is  indicated;  and  then  going  up  to  the  maximum 
range.  Professor  Ryan  has  a  still  further  lowering.  In  the  case 
of  oscillating  circuits,  long  associated  in  our  minds  with  brush 
discharges,  it  would  not  be  an  astonishing  thing  to  find  that  at 
higher  frequencies  we  would  have  lower  corona-forming  voltages. 
At  the  same  time,  high  values  of  peak  voltage  which  cannot  be 
detected  often  occur  in  oscillating  circuits,  so  it  is  not  necessarily 
the  case  that  we  must  have  a  lower  corona  voltage  in  a  high- 
frequency  circuit,  simply  due  to  the  higher  frequency. 

In  Mr.  Peek's  description  of  the  experiments  at  40,000  cycles, 
he  suggests  that  if  his  spheres  had  been  more  carefully  cleaned 
he  might  have  gotten  a  discharge  voltage  which  would  be  more 
nearly  that  observed  at  commercial  frequencies.  He  also 
measured  his  voltages,  as  I  understand  it,  with  an  electrostatic 
voltmeter.  Although  he  states  that  correction  has  been  made 
for  wave  form,  the  static  voltmeter  measures  effective  values, 
and  it  would  be  interesting  to  know  how  he  has  applied  correc- 
tion at  these  frequenceis. 

The  observations  reported  in  the  paper  by  Messrs.  Clark  and 
Ryan,  as  to  the  ratio  of  lowering  at  still  higher  frequencies,  show 
a  remarkable  lowering  of  corona  voltage.  It  is  to  be  hoped  that 
Professor  Ryan  will  repeat  some  of  his  interesting  experiments 
and  corroborate  the  present  results  beyond  question. 

Summing  up  the  three  papers,  there  is  a  distinct  evidence  of 
lowering  of  the  corona  voltage  with  increasing  values  of  the  fre- 
quency. The  amount  of  that  lowering  is  apparently  small, 
except  possibly  at  very  high  frequencies.  For  these  high  fre- 
quencies more  observations  are  desirable. 

With  reference  to  Mr.  Fortescue's  suggestions  as  to  possible 
errors  in  our  observations  due  to  the  presence  of  the  mercury 
gap  and  the  inertia  of  the  generator,  we  did  not  use  the  mercury 
arc  itself  as  a  rectifier.  Our  two  mercury  arcs  were  excited  by 
independent  continuous-current  circuits,  and  we  had  the  auxil- 
iary electrodes  in  the  mercury  tube,  simply  using  the  very 
copious  ionization  which  is  always  present  in  a  mercury  arc  as 
a  conducting  path  which  had,  of  course,  only  unipolar  conduc- 
tivity. The  very  small  current  carried,  and  the  fact  that  the 
tube  was  in  series  connection,  indicate  oscillation  as  a  very 
remote  possibility.  At  the  same  time,  the  suggestion  is  possibly 
an  explanation  of  the  unstable  conditions  in  the  region  near 
400  cycles  where  we  found  evidence  of  resonance. 

The  inertia  of  the  generator  was  simply  mentioned  as  one  of 
the  factors  which  led  us  to  believe  that  we  had  stable  conditions, 
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conditions  which  were  uniform  at  all  times,  and  our  observ^a- 
tions  were  repeated  so  definitely  throughout  that  there  is 
hardly  a  chance  for  error  on  account  of  the  possible  fluctuation 
of  the  mass  of  the  armature. 

In  reference  to  Mr.  Ewing*s  comment  on  the  possible  error 
in  using  a  permanent  magnet  type  of  instrument  for  recording 
average  values,  this  type  of  instrument  has  been  used  for  taking 
average  values  ever  since  the  days  of  the  first  contact  makers 
for  measuring  wave  forms.  It  would  be  interesting  to  know 
for  what  range  of  pulsations  Mr.  Ewing  made  his  observations. 
We  are,  of  course,  working  here  up  between  one  thousand  and 
three  thousand  cycles,  far  above  the  highest  commercial  fre- 
quencies. 

Before  closing  the  meeting,  I  would  like  to  report  an  experi- 
ment which  has  recently  been  made  abroad,  the  news  of  which 
has  come  to  me  in  a  letter.  It  is  a  matter  of  very  great 
interest  and  with  yoiu*  permission  I  will  take  about  five  minutes 
to  tell  you  about  it.  There  has  been  no  official  publication  of 
it  as  yet,  but  the  publication  will  follow,  and  the  word  that 
comes  to  me  from  one  of  my  colleagues  who  was  present,  and 
saw  the  experiment,  is  what  I  wish  to  report  to  you. 

We  are  all  familiar,  of  course,  with  the  mechanical  analogies 
that  are  drawn  between  electric  circuits  and  the  motion  of 
masses,  in  which  we  consider  inductance  as  mass,  capacity  as 
elasticity  and  resistance  as  the  friction  in  a  mechanical  system. 
If  we  follow  this  analogy,  and  hark  back  to  one  of  Newton's 
laws,  that  a  body  will  persist  in  its  state  of  motion  unless  acted 
on  by  some  external  force,  it  will  explain  the  experiment  in 
question.  If  we  could  realize  mechanically  the  motion  of  a 
body  absolutely  free  from  all  friction,  the  body  would  go  on 
moving  indefinitely. 

Professor  Kamerlingh-Onnes  of  Leyden  has  produced  the  cur- 
rent which  does  not  die  out,  and  which  is  not  excited  bv  anv 
electromotive  force,  thus  realizing  the  analogue  of  the  mo\-ing 
mass  free  of  all  friction.  The  experiment  is  briefly  this:  He 
takes  a  coil  of  fine  lead  wire  of  about  1000  turns,  and  about  2  cm. 
in  diameter,  and  short-circuits  it  on  itself.  This  coil  is  placed 
in  a  strong  magnetic  field,  the  lines  of  force  threading  this 
round  coil.  A  vessel  of  liquid  helium  is  brought  up  so  that  the 
wire  may  be  immersed  in  it,  while  still  remaining  in  the  magnetic 
field.  The  liquid  helium  sets  up  temperatures  which  are  far 
lower  than  any  temperatures  we  have  known,  even  lower  than 
the  temperatures  that  may  be  got  from  liquid  air  and  liquid 
hydrogen,  temperatures  which  are  at  least  in  the  neighborhood 
of  the  absolute  zero.  If  you  take  curves  showing  the  relation 
between  the  specific  resistances  of  materials  and  temperature, 
these  curves  for  all  substances  are  all  straight  lines  and  all 
tend  down  to  the  absolute  zero,  indicating  that  the  resistance 
would  become  zero  if  the  temperature  were  extended  to  the 
absolute  zero.     The  liquid  helium  brings  us  nearer  to  it  than 
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we  have  ever  been  before.  Now,  with  the  helium,  we  have 
a  coil  of  lead  wire  in  a  strong  magnetic  field,  and  at  a  tempera- 
ture, we  will  say,  in  the  neighborhood  of  absolute  zero,  minus 
273  deg. 

Under  these  circumstances  the  circuit  of  the  exciting  magnet 
is  broken,  inducing  an  electromotive  force  and  consequent 
current  in  the  short-circuited  coil,  which  i^  near  absolute  zero, 
and  therefore  near  zero  resistance.  Consequently,  there  is  no 
frictional  element,  no  damping  factor,  if  you  please,  and 
the  current  should  go  on  indefinitely  since  tl^e  coil  has  no  resist- 
ance. It  went  on  during  a  period  of  four  to  five  hours,  which  was 
stated  as  the  time  of  observation  of  my  friend.  There  was  no 
indication  of  a  diminution  of  the  current  in  that  coil  at  the  end 
of  from  four  to  five  hours. 

M.  G.  Lloyd:  What  was  the  evidence  that  the  current  was 
continuing? 

J.  B.  Whitehead:  It  was  not  stated.  The  exciting  circuit 
was  broken,  and  the  exciting  magnet  removed.  I  should 
imagine  the  evidence  would  be  the  influence  of  the  coil  on  a  mag- 
netometer needle.     It  seems  the  most  obvious  way. 

W.  B.  Kouwenhoven  (communicated  after  adjournment): 
The  three  excellent  papers  presented  under  the  auspices  of  the 
Electrophysics  Committee  all  had  to  do  with  high  voltages,  and 
in  all  of  them  the  accurate  determination  of  the  voltage  plays 
a  very  important  part.  I  wish  to  bring  to  the  attention  of  the 
members  a  method  for  measiuing  the  effective  value  of  alter- 
nating-current voltages,  which  has  a  very  high  degree  of  accuracy. 
This  method  consists,  briefly,  in  using  a  high  resistance  con- 
nected in  series  with  a  small  resistance  across  the  high-voltage 
terminals,  and  measuring  the  drop  of  potential  across  the  smaJl 
resistance  with  a  quadrant  electrometer. 

Suppose  that  a" high  resistance  R  and  a  small  resistance  r  be 
connected  in  series  across  a  potential  difference  of  V  volts,  and 
that  the  drop  of  potential  across  the  small  resistance  is  v.     Then 

V  =  V.     This  method,  when  used  for  direct  cturent  and 

r 

low  voltages,  is  simple  and  acciu^ate.  When  applied  directly 
to  alternating  currents  and  high  voltages,  however,  it  is  no 
longer  accurate,  because  of  the  capacity  currents  which  flow 
not  only  from  the  resistances  to  earth  but  also  between  the 
different  parts  of  the  resistances.  On  account  of  this  the  cur- 
rent passing  through  the  resistances  can  no  longer  be  considered 
as  quasi-stationary;  the  ratio 

V_  ^R  +  r 

V  r 

holds  no  longer,  and  the  voltages  in  different  parts  of  the  re- 
sistances are  in  phase  neither  with  each  other  nor  with  the  total 
voltage.  It  is  possible,  however,  so  to  construct  the  resistances 
that  the  inaccuracies  are  eliminated. 
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Let  us  consider  such  an  arrangement  of  resistances  theoreti- 
cally.    Suppose  that  the  large  resistance  be  divided  up  into  n 

units  or  divisions  Ri,  Rit  Rsy Rn,  and  that  these  are  so 

small  that  we  may  consider  the  current  in  each  to  be  quasi- 
stationary,  and  that  the  current  in  going  from  division  to 
division  changes  slightly  in  value  and  in  phase.  This  arrange- 
ment is  illustrated  in  Fig.  4.  One  terminal  of  the  high  voltage 
is  connected  to  the  resistance  division  Rn  and  the  other  to  ^i 
and  at  the  same  time  to  earth.  Now  in  Rn  the  capacity  currents 
to  earth  are  the  largest  and  these  ctirrents  are  ahead  of  the 
total  voltage  in  phase.  Therefore  the  voltage  drop  Vn  in  this 
resistance  imit  leads  the  total  voltage  V,  The  voltage  drops 
in  the  various  resistance  divisions  and  the  total  voltage  form  a 
polygon  as  shown,  and  it  follows  that  the  voltage  drop  in  Ri 
lags    behind    the    total    voltage.     Voltage    measiu^ments    are 
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usually  carried  out  at  the  earthed  pole  and  the  problem  re- 
solves itself  into  bringing  the  current  and  voltage  in  Ri  into 
phase  with  the  total  voltage,  and  in  dctennining  the  value  of 
the  ratio  between  V  and  v. 

A  set  of  eight  resistance  units  based  on  this  principle  was 
built  in  the  laboratories  of  the  Reichsanstalt,  Germany.  The 
German  resistance  units  were  wound  with  manganin  wire;  the 
maximum  voltage  drop  per  unit,  without  over-heating,  was 
3000  volts.  I  built  a  set  of  resistance  units  using  a  liquid  re- 
sistance as  a  substitute  for  the  wire  resistances  in  order  to  de- 
termine if,  by  so  doing,  it  was  possible  to  increase  the  voltage 
range  of  the  apparatus  and  to  use  an  electrol>i:ic  resistance 
for  this  purpose.  The  electrolyte  was  the  so-called  Manganini 
solution,  and  proved  very  successful. 

Each  resistance  unit  consists  of  a  Jena  glass  tube  which  con- 
tains the  solution.     These  tubes  are  about  a  meter  in  length, 
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have  a  diameter  of  approximately  1  mm.  and  are  fitted  with 
expanded  ends  to  allow  room  for  the  electrodes.  With  tubes 
of  these  dimensions  it  is  possible  to  construct  a  resistance  unit 
of  24  million  ohms  per  meter  length.  In  order  to  define  the  ca- 
pacity to  earth,  each  tube  is  fitted  with  a  metal  cylinder  slightly 
longer  than  the  tube  and  of  10  cm.  inner  diameter.  These 
cylinders  are  well  insulated  from  the  Jena  glass  tubes  and  the 
entire  arrangement  may  be  regarded  as  a  cable  whose  central 
conductor  has  a  high  resistance  per  unit  length.  In  order  to 
bring  the  current  at  the  earthed  pole  into  phase  with  the  total 
voltage  V,  it  is  necessary  to  apply  a  voltage  to  the  metal  cylin- 
ders such  that  there  will  exist  a  certain  definite  difference  of 
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potential  between  the  earthed  end  (end  of  tube  nearest  earthed 
connection)  of  the  tube  and  its  protecting  cylinder.  The  so- 
called  telegraph  formulas  of  Maxwell  apply  to  a  cable  of  this 
construction,  and,  by  solving  them,  it  is  possible  to  ascertain 
what  this  potential  difference  should  be. 

The  Manganini  solution  or  the  §  normal  manitol,  boric  acid, 
calcium  chlorid  solution  was  used  as  the  electrolyte.  Accord- 
ing to  Maltby*  this  solution  contains : 

manitol 121 . 1  grams  per  liter 

boric  acid 41.2  grams  per  liter 

calcium  chlorid 0. 06  grams  per  liter. 

1.  Maltby,  Zeitschrift,  /.  Ph,  Ch.,  18,  S.  133,  1896. 
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To  this  solution  I  added  one  part  of  distilled  water.  Under 
these  conditions  the  solution  has  a  conductivity  of  about  0.00044 
and  between  the  limits  17  deg.  and  24  deg.  cent,  the  change  in 
the  resistance  is  less  than  1/10  of  one  per  cent. 

The  electrodes  were  of  platinum  and  were  plated  with  spong}' 
(black)  platinum  in  order  to  reduce  the  polarization  to  a  mini- 
mum. The  phase  displacement  due  to  the  polarization  was 
measured  and  found  to  be  about  two  seconds  of  arc  at  a  fre- 
quency of  50  cycles  and  with  a  current  density  of  from  0.3  to 
2.0  milliamperes  per  sq.  cm.  of  electrode  surface. 

The  resistance  set  which  I  built  consisted  of  four  resistance 
units.  The  set  has  two  circuits,  a  main  circuit,  which  consists 
of  fotir  resistance  units,  and  a  secondary  circuit,  which  supplies 
the  metal  cylinders  that  protect  the  resistance  units  with  volt- 
age. Nine  tubes  in  all  were  used,  four  in  the  main  and  five  in 
the  secondary  circuit. 

In  Fig.  5  it  has  been  assumed  that  a  voltage  of  25  lev.  is  being 
measured.  The  main  circuit,  which  contains  the  four  resistance 
units  and  a  resistance  r  across  which  the  quadrant  electrometer 
is  connected,  is  shown  at  the  bottom  part  of  the  figure.  The 
25.  kv.  is  supposed  to  be  divided  in  this  circuit  as  follows: 

In  the  resistance  r  there  is  a  voltage  drop  t;  =  1  kv. 

"     "  **       unit  Ri  there  is  a  voltage  drop    Fi  =  6  kv. 

u       a  u  a    j^^        u      u    a  a  a  7,  =  6  kv. 

«       «  «  u    j^^        a      a    u  u  u  7,  =  6  kv.  ' 

u       u  a  «    i?,        «       «    «  «  «  F4  =  6  kv. 


The  total  voltage  in  the  main  circuit  \s  v  +  Vi  +  Vt  +  Vi  W 
=  25  kv.  The  metal  cylinders  which  protect  the  resistance 
units  and  give  them  a  definite  capacity  are  shown  by  the  heavy 
black  lines.  The  secondary  circuit  which  supplies  the  proper 
potentials  to  these  cylinders  is  seen  in  the  upper  part  of  the 
figure.  In  order  to  provide  the  correct  potentials  the  resist- 
ances in  the  secondary  must  be  of  different  sizes.  In  the  second- 
ary circuit  the  voltage  is  divided  as  follows: 

In  the  resistance   r'   there  is   a   voltage   drop   of  1.0  kv. 

"      "  "         5/12  R  there  is  a  voltage  drop  of  2.5  kv. 

"     "  "       \Z/\2R       "     «  "         "         «       "  6.5  kv. 

"     "  "  R      "     "  "         "         "       "  6.0  kv. 

"     "  "       n/\2R      "     "  "         "         "       "  5.5  k\'. 

u     a  a         7\2R      "     «  "         "         «       "  3.5  kv. 


The  total  voltage  in  the  secondary  circuit  is  25 . 0  kv. 

The  potential  differences  between  the  tubes  in  the  main  circuit 
and  their  protecting  cylinders  are  also  shown  in  the  figure. 
There  are,  for  the  end  resistance  units  Ri  and  Rn  (in  this  case 
R4),  5  12  of  the  voltage  drop  per  resistance  unit  or  2.5  kv.;  for 
all  other  resistances  i^2,  ^3, .  .  .  . ,  ^  of  the  voltage  drop  per  unit 
or  3.0  kv.     The  tubes  or  resistance  units  in  the  main  circuit  are 
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all  of  the  same  size  and  have  been  designated  by  the  letter  R. 
The  tubes  in  the  secondary  circuit  are  of  various  sizes,  which 
have  been  given  in  terms  of  i?,  thus:  5/12  R,  7/12  R,  etc. 

With  this  set  it  is  possible  to  measure  voltages  as  high  as 
27,000  volts  with  all  four  resistance  units  in  the  main  circuit, 
but  for  lower  voltages  it  is  advantageous  to  use  fewer  tubes. 
I  should  recommend  the  following  combinations  of  the  resistance 
units: 

Up  to  6000  volts,  one  resistance  tmit,  and,  in  the  secondary 
circuit,  resistances  5/12  R  and  7/12  R,  and  r  =  r'. 

From  6000  to'  12,000  volts,  two  resistance  units,  and,  in  the 
secondary  circuit,  resistances  5/12  R,  R  and  7/12  R,  and  r  =*  r'. 

From  12,000  to  18,000  volts,  three  resistance  units,  and,  in 
the  secondary  circuit,  resistances  5/12  R,  13/12  R,  11/12  R 
and  7/12  R,  and  r  =  r'. 

From  18,000  to  24,000  volts,  four  resistance  units,  and  the 
entire  secondary  circuit,  and  r   =   r'. 

For  voltages  much  above  24,000  volts,  extra  resistance  units 
must  be  added  to  the  main  circuit,  and  also  in  the  secondary 
circuit  an  extra  resistance  R  for  each  unit  added  to  the  main 
circuit. 

Tests  of  the  resistance  set  that  was  built  from  resistances 
wound  with  manganin  wire  were  made*  at  the  Reichsanstalt, 
Germany,  and  I  carried  out  a  series  of  tests'  on  the  set  that  I 
built  with  the  electrolytic  resistances.  These  tests  showed  that 
the  theoretical  asstmiptions  were  correct  and  that  the  voltages 
measured  were  accurate  to  within  i  of  one  per  cent. 

It- should  be  possible  to  use  eight  of  these  electrolytic  resist- 
ances in  series  without  over-stepping  the  theoretical  limits  for 
accuracy,  thereby  increasing  the  range  of  a  single  set  to  approxi- 
mately 50,000  volts.  With  two  such  sets  connected  in  series 
and  grounded  at  the  junction  point,  voltages  of  twice  that 
magnitude  could  be  handled.  The  use  of  the  electroljrtic  re- 
sistances for  high-frequency  work  possesses  the  advantage  that 
they  are  free  from  self-induction,  and  with  increasing  frequency 
the  polarization  would  disappear  entirely. 

Three  voltage  transformers  were  tested  for  the  constancy  of  the 
ratio  of  transformation.  The  primary  voltage  was  measured 
in  each  case  by  a  Weston  a-c,  d-c.  voltmeter.  The  ratio  of 
transformation  was  found  in  every  case  to  be  constant  to  within 
one  per  cent  from  about  half  voltage  to  ftdl  rated  voltage  of 
the  transformer.  For  low  voltages,  however,  the  ratio  of  trans- 
formation gave  results  that  were  in  some  cases  as  much  as  four 
per  cent  too  high,  the  error  decreasing  more  or  less  gradually 
as  half  rated  voltage  was  approached.  Therefore  investigators 
should  be  very  careful  when  making  high-voltage  tests  not  to 
rely  too  much  upon  the  ratio  of  transformation. 

2.  Orlich  and  Schultze,  Archiv.  f.  Elek,,  1,  S.  1  and  88,  1912. 

3.  Kouwenhoven,   Washington   Univ.  Studies,  Vol.  1,  p.  143,  1914. 
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Harris  J.  Ryan  (by  letter):  Replying  to  Mr.  Fortescue's 
questions;  The  high-frequency  driving  voltage  of  the  arc  was 
multiplied  about  one  hundred  times  by  resonance.  The  im- 
pressed voltage  of  the  arc  having  an  irregular  wave  form  was 
consumed  in  the  first  few  turns  of  the  outer  helices.  Thus  in 
a  given  case  the  potential  to  neutral  of  the  sixth  turn  from  either 
arc  terminal  would,  on  test,  be  found  at  low  (almost  zero)  al- 
ternating potential.  On  either  side  of  this  turn  the  potential 
would  be  foimd  to  rise  regularly.  By  theory,  under  these  cir- 
cumstances, it  is  difficult  to  understand  how  the  high-potential 
wave  form  can  have  departed  appreciably  from  that  of  the  true 
sine  wave.  The  cyclograph  traced  a  quadrature  combination 
of  current  and  potential  waves.  The  result  was  a  true  ellipse 
with  no  evidence  of  the  presence  of  harmonics.  In  regard  to 
the  use  of  isolated  spheres  made  necessary  in  the  method  devised 
to  eliminate  harmonics  in  the  high-frequency  high  voltage: 
The  case  is  not  one  of  actual  isolation,  as  assumed  by  Mr. 
Fortescue.  The  arc  was  supplied  with  current  from  two  600- 
volt  direct-current  generators  connected  in  series  with  their 
neutral  grounded.  Fiuthermore,  the  oscillating  circuit  would 
fail  utterly  to  operate  unless  both  sides  of  the  circuit  were  nicely 
balanced,  developing  substantially  equal  voltages. 

We  are  not  asking  that  our  results  be  accepted  as  final.  The 
art  of  generating  and  handling  high-frequency  high  voltages 
is  undeveloped  as  yet.  It  woidd  not  be  reasonable  to  expect 
final  results  at  this  time  even  with  the  high-frequency  alter- 
nator driven  at  constant  speed  as  suggested  by  one  speaker. 

In  his  closing  remarks  Mr.  Peek  has  accoimted  for  the  erratic 
behavior  of  the  sphere  gap  voltmeter,  cited  by  Mr.  Chubb, 
when  in  action  above  320,000  volts.  He  presents  his  method 
for  eliminating  such  behavior.  Closely  related  hereto  are  two 
experiences  encountered  in  our  work. 

Regarding  the  first  experience — we  have  mentioned  in  our 
paper  that  we  could  not  use  the  condenser  voltmeter  to  measure 
voltages  beyond  50,000.  Discharges  through  the  fotu'-inch 
(aggregate)  gap  in  the  two  pairs  of  7-  and  11 -inch  concentric 
cylinders,  six  feet  in  length,  would  occur  in  an  erratic  fashion 
at  voltages  above  53,000.  In  planning  this  apparatus  we  had 
concluded  from  the  results  of  Fortescue  and  others  that  such 
discharges  should  not  take  place  at  voltages  below  165,000. 
We  expected,  therefore,  to  use  the  cylinders  and  instruments 
with  safety  for  authenticating  voltages  as  high  as  125,000,  i.e., 
to  the  limit  of  the  high-frequency  voltage  capacity  of  otu*  equip- 
ment. Since  the  completion  of  our  paper  we  arranged  to  sub- 
ject these  concentric  cylinders  to  60-cycle  voltage.  In  so  do- 
ing all  essentials  were  made  to  correspond  to  those  present  in 
the  high-frequency  work,  i.e.,  the  neutral  of  the  single-phase 
60-cycle  source  was  grounded,  while  the  **neutral* '-connected 
outer  eleven -inch  cylinders  were  left  isolated.  They  were 
shunted  with  the  sphere  gap  set  to  stop  any  possible  transient 
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over-voltages.  Thus  arranged,  the  sphere  gap  acted  in  agree- 
ment with  voltages  determined  by  transformer  ratios  and  volt- 
meter. The  concentric  cylinders  discharged  at  voltages  all 
the  way  from  80  to  100  kilovolts.  The  lower  and  higher  values 
occurred  correspondingly  when  the  voltage  was  raised  slowly 
and  rapidly.  Using  one  pair  of  cylinders  only,  the  outer  one 
grounded,  the  discharge  voltages  ranged  from  40  to  50  kilovolts. 
The  equipment  was  then  dismantled  and  the  seven-inch  cylinders 
were  mounted  in  a  cross  and  separated  so  as  to  form  a  gap  be- 
tween them  of  three  inches;  so  arranged,  157  kilovolts  were 
required  to  discharge  between  them.  It  seems  to  us  that  the 
free  ionization  in  this  case  is  present  in  the  tarnished  and  dust- 
coated  surfaces  of  these  cylinders,  and  from  there  is  worked  into 
a  line-up  forming  local  corona  through  the  two-inch  zones  of 
well-protected  air  under  the  forces  of  the  electric  field,  thereby 
starting  a  disturbance  that  finishes  in  a  heavy  spark,  i.e.,  in 
a  transient  discharge,  or  otherwise,  in  an  actual  arcing  short 
circuit.  The  discharging  voltages  were  lower  when  the  tests 
were  started  and  gradually  rose  as  the  reapplications  of  high 
voltage  were  continued,  indicating  a  sort  of  cleaning-up  process. 

In  the  second  experience  it  was  found  that  when  using  a  seven- 
inch  sphere  gap  of  two  inches  or  thereabouts,  the  high-frequency 
discharge  would  take  place  by  the  shortest  path  between  the 
spheres  at  93  kilovolts.  When  a  lower  voltage  was  applied  and 
a  slight  disttu'bance  created  at  one  of  the  surfaces  of  the  oppos- 
ing spheres  by  touching  it  with  a  piece  of  hard  rubber,  a  dis- 
charge immediately  occurred.  It  would  be  started  by  a  spark 
of  charging  current  from  the  sphere  to  the  hard  rubber.  Dis- 
charges, a  foot  and  more  in  length,  would  be  made  to  pass  from 
the  rearward  surface  of  one  sphere  to  the  corresponding  rear- 
ward surface  of  the  other  at  85  kilovolts,  in  the  general  direction 
of  the  lines  of  force,  by  bringing  to  the  surface  of  the  sphere 
from  the  rear  a  three-quarter-inch  hard  rubber  rod. 

Mr.  Mahood  recommends  that  the  Poulsen  oscillating  arc 
used  for  sphere  gap  voltmeter  calibration  be  replaced  by  "the 
best  oscillating  arcs  constructed  and  specially  designed  for 
stability  purposes"  giving  only  **two  per  cent  variation  in  ampli- 
tude at  133,000  cycles."  Such  arcs,  while  steady,  are  entirely 
lacking  in  duty  capacity.  A  maximum  of  1500  kilovolt-amperes 
of  reactive  power  was  employed  for  the  high-frequency  sphere 
gap  work,  while  a  few  hundred  volt-amperes  suffice  for  stand- 
ardizing radio  receiving  apparatus — ^accomplished  readily  enough 
with  such  light-duty  constant  arcs.  Mr.  Mahood  confuses  the 
duties  of  the  ammeters  in  the  circuit  of  the  concentric  con- 
densers and  the  potential  cyclograph.  The  former  and  not  the 
latter  read  the  r.m.s.  of  the  existing  potential.  The  cyclograph 
gave  a  continuous  vision  of  the  procession  of  potential  oscilla- 
tions in  instantaneous  detail.  The  same  speaker  makes  the 
suggestion  that  pure  undamped  waves  were  not  used  in  our 
work  because  under  his  own  assumption  the  decrement   (for 
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damped  waves)  was  0.02.  The  suggestion  can  not  be  taken 
seriously.  The  cathode  ray  cyclograph  estabhshed  beyond  all 
reasonable  doubt  that  the  oscillating  potentials  were  formed 
continuously  and  imdamped.  These  are  merely  efforts  to  find 
near-by  evidence  to  support  the  theory  that  the  action  of  the 
sphere  gap  voltmeter  is  independent  of  the  frequency  of  the 
applied  voltage. 

The  sphere  gap  discharge  voltages  were  not  altered  by  the 
use  of  the  safety  resistance  rods  at  123,000  cycles.  They  were 
abandoned  at  higher  frequencies,  as  stated  in  the  paper,  because 
the  resistances  that  would  limit  suflRcientlv  the  rush  of  con- 
tinuous  current  that  followed  a  discharge  across  the  sphere 
gaps  would  consume  an  undue  amount  of  power,  limiting  or 
preventing  the  generation  of  voltage  in  the  oscillating  circuit. 
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